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ABSTRACT
A deuterium-calibrated discrete-state compartment model is applied to the Railroad Valley Flow System (RVFS) to obtain estimates of storage capacities, volumetric flow, groundwater ages, and general flow patterns. The RVFS is represented by three-dimensional cell configurations consisting of upper (alluvial) and lower (carbonate) tiers. Minimum and maximum storage capacity estimates are 5.3 x 108 ac ft and 2.0 x 109 ac ft. Annual system volumetric flow is approxi­mately 115,000 ac ft. Simulated mean ages range from 1,200 to 46,000 years. Alluvial groundwater sinks are located in Newark, Hot Creek, and Railroad Val­leys. Deep regional flow associated with carbonate rock travels to the flow system terminus in central Railroad Valley. Model results support the possibility of sub­surface inflow from Jakes and Long Valleys in the adjacent White River Flow Sys­tem. Input parameter perturbation determined that model output is most sensi­tive to inflows from those cells closest to the flow system terminus.
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IN T R O D U C T IO N
P u rp ose and Scope
Thick sequences of carbonate rock underlie the eastern third of Nevada (Hess 
and Mifflin, 1978) and there is abundant evidence supporting the existence of 
deep, regional groundwater flow systems in the carbonate rock province (Mifflin, 
1968). A great deal of interest in these regional flow systems has been generated 
by their long term water supply potential. The following research focuses on the 
Railroad Valley Flow System (RVFS) in east-central Nevada. Burbey and Prudic 
(1988) developed a groundwater flow model of the study area. Their investigation 
produced a great deal of information including estimates of recharge, discharge, 
and general flow patterns. They did not, however, estimate groundwater ages or 
carbonate aquifer storage capacity. Estimation of these parameters via a numeri­
cal model would significantly enhance knowledge of the RVFS.
A deuterium-calibrated discrete-state compartment (DSC) model is applied to 
the RVFS to delineate the flow system and obtain estimates of recharge rates, 
groundwater ages, storage volumes, and general flow patterns. The RVFS is 
represented by three-dimensional cell configurations consisting of upper (alluvial) 
and lower (carbonate) tiers. Two separate cell configurations are employed. 
Three flow scenarios are applied to both configurations to account for different 
possibilities in system recharge volumes and concentrations. Scenario 1 is a 
steady input regimen based on the assumption of constant recharge volume and 
tracer concentration. The second scenario involves a transient input regimen 
where recharge is increased 50% and deuterium content is decreased by 10 permil 
for the period 23,000 years before present (B.P.) to 12,000 years B.P. This
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scenario attempts to account for colder, wetter climatic conditions that prevailed 
in late Wisconsin time (Davis, 1980). Possible communication between the RVFS 
and the adjoining White River Flow System is simulated in Scenario 3.
D escription  o f  S tudy Area
The study area, located in east-central Nevada (lat. 37°40' -39°45' N., 
long. 115°15' —116°40' W.), is part of the Basin and Range Province. The RVFS 
is composed of six principal valleys, twelve major mountain ranges, and occupies 
an area of approximately 5,800 square miles (Figures 1 and 2). The Duckwater 
Indian Reservation and Currant are the two small settlements in this largely 
unpopulated area. Cattle ranching and oil production are the two significant 
economic activities.
The region is characterized by north and northeast trending mountain ranges 
separated by valleys that are 10 to 20 miles wide. North-south length is roughly 
160 miles. Mountain summits locally exceed 11,000 feet above mean sea level 
(msl) while valley floor elevations generally range from 5,000 to 6,000 feet above 





HYDROG EO LOG Y
Familiarity with the regional geology is essential to understanding the nature 
of a regional flow system. Geologic parameters, including stratigraphy, structure, 
and geomorphology, determine aquifer locations and flow characteristics. This 
hydrogeologic overview is largely based on the following sources: l) Water 
Resources Reconnaissance Reports #1  (Eakin, 1960), #38 (Rush and Everett, 
1966), and #fiO (Van Denburgh and Rush, 1974); 2) Hess and Mifflin (1978); and 
3) Fiero (1967).
R egion a l G eology
The RVFS area is part of the miogeosynclinal belt of the Cordilleran geosyn- 
cline. A series of marine transgressions occurred during Precambrian time and the 
Paleozoic Era. These transgressions provided the shallow marine environment in 
which 30,000 to 40.000 feet of largely carbonate sediment was deposited. Exten­
sive outcrops of Paleozoic carbonate rock are exposed in the White Pine, Grant, 
and Quinn Canyon Ranges that comprise the eastern boundary of Railroad Valley 
(Figure 3). Significant carbonate outcrops are also present in the Fish Creek and 
central Hot Creek Ranges on the western edge of the study area. Oil well logs 
and large carbonate springs on the valley floors confirm the presence of carbonate 
strata beneath the valley fill. Carbonate strata thicknesses can only be estimated, 
however, due to the paucity of deep borehole data.
Tertiary volcanic tuffs are the most abundant non-carbonate rocks in the 
RVFS. Tuffs and smaller amounts of basalt and rhyolite dominate the Reveille 
and Kawich Ranges and the southern portions of the Pancake, Hot Creek, and 
Antelope Ranges. Oil well log analysis indicates that scattered tuff sequences, up
RVFS Valleys:
1. Newark
2. N. Little Smoky







Figure 3. Geologic Map of the Study Area
to several thousand feet thick, underlie the RVFS basin fill. Shales, siltstones, 
and sandstones are also exposed in the RVFS mountains.
The valley fill consists of Tertiary and Quaternary alluvium. The older allu­
vium consists of gravel and sand transported by streams draining adjacent ranges. 
Older deposits are typically poorly consolidated and poorly sorted. They form the 
large alluvial fans and valley aprons and constitute the bulk of material filling the 
valley basins. The younger alluvium was deposited during the Pleistocene Epoch. 
These stream and lake deposits, consisting of reworked sand, silt, and clay, are 
generally better sorted and more permeable than the older alluvium. All RVFS 
valleys contain significant alluvial deposits ranging in thickness from several hun­
dred to several thousand feet. Over 9.000 feet of basin fill were penetrated by an 
oil exploration well in central Railroad Valley.
The north-south structural grain of the RVFS conforms to the regional geol­
ogy of eastern Nevada. Large-scale Basin and Range normal faulting in late Ter­
tiary time produced classic horst and graben structure. Extensive series of faults 
have been mapped at the interface of the RVFS valleys and ranges. East-central 
Nevada remains tectonically active. Evidence of recent faulting in the RVFS val­
leys is preserved in vertically offset alluvium. In addition, twelve earthquakes 
with Richter intensities ranging from 4.0-5.9 have been recorded in the Hot Creek 
Valley area since 1932 (Slemmons et ah. 1965).
Ekren et al. (1976) discuss three east-trending, deep-seated structural features 
in the study area: the Warm Springs, Pancake Range, and Prichards Station 
Lineaments (Figure 4). The northwest-trending Oregon-Nevada Lineament may 
pass through the northern portion of the RVFS (Stewart et. al, 1975). Faults are 
known to exert structural control over groundwater flow patterns on a local scale. 
It is possible that the fault zones forming these regional lineaments significantly
Figure 4. Proposed Regional Lineaments in the RVFS
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affect interbasin groundwater flow. However, the literature offers scant evidence 
to document this hypothesis.
Although the study area was not occupied by continental ice sheets, the 
northwest exposures of the highest RVFS ranges were occupied by Pleistocene gla­
ciers. Glacial runoff formed large late Pleistocene lakes in Newark, Northern Little 
Smoky, and Railroad Valleys. Several hundred square miles of central Railroad 
Valley were covered by the largest of these lakes roughly 7,000 years ago.
G roundw ater H ydrology
The rocks of the RVFS can be divided into three hydrostratigraphic units: 
alluvium, carbonate rock, and volcanic rock. The volcanics, primarily of Tertiary 
age, exhibit low permeabilities (Eakin, 1960). Although tuff sequences underlying 
the basin fill may store considerable quantities of water, they offer limited poten­
tial as aquifers. Alluvium and carbonate rocks are the groundwater reservoirs of 
interest in this investigation.
Valley fill covers approximately 3.200 square miles of the study area. 
Groundwater in the valley fill supplies the drinking water and a large percentage 
of the water used for irrigation and livestock in the RVFS area. Depths to water 
range from ground surface in the playa areas to 500 feet below ground surface in 
Southern Little Smoky Valley. Most of the wells are completed in the upper 
three hundred feet of the permeable Quaternary alluvium.
The limited evidence suggests that thick sequences of Paleozoic carbonate 
rocks underlie most of the alluvial basins, and many of the volcanic rock 
sequences in the area (Mifflin, 1968). These dense carbonate rocks typically exhi­
bit low primary permeability. Numerous folding and faulting episodes, however,
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have produced a network of joints and fractures that greatly enhances carbonate 
strata permeability. Considering the substantial thickness of the carbonate 
strata, it is likely that a potentially massive groundwater reservoir exists beneath 
the RVFS valleys.
Most of the recharge to the alluvial and carbonate aquifers originates in 
upland portions of the RVFS. Seepage loss from streams passing over the alluvial 
apron is an important mechanism for valley fill recharge. The vast majority of 
RVFS streams are ephemeral, carrying runoff from the mountain snowpack and 
heavy summer thunderstorms. Infiltration through fractured carbonate rock 
outcropping in the RVFS ranges supplies the carbonate aquifers. This process is 
termed mountain block recharge. Only a small fraction of the annual RVFS pre­
cipitation recharges the groundwater reservoirs. Van Denburgh and Rush (1974) 
estimated that 4% of annual precipitation recharges Railroad Valley aquifers. 
Subsurface inflow, through transmissive consolidated rocks, is another recharge 
source. Rush and Everett (1966) estimated that 2,200 acre feet per year (ac ft/yr) 
enter the RVFS from Antelope and Little Fish Lake Valleys (Table l). Additional 
inflow locations and volumes will be discussed later.
Groundwater is discharged from the RVFS via three processes: evapotran- 
spiration (ET), springflow, and subsurface outflow. Evapotranspiration is the pri­
mary discharge mechanism in the RVFS; three-fourths (83,000 ac ft) of the annual 
RVFS discharge is evaporated or transpired from the alluvial system (Table 1). 
An additional 25,500 ac ft/yr is consumed by ET after discharging at the land 
surface from regional carbonate springs. The discharge of these springs varies lit­
tle with time and the water is considerably warmer than that flowing from the 
small local springs (Mifflin, 1968). Five separate groups of regional springs in 
Railroad Valley discharge 17,500 ac ft/yr and four others discharge a total of
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Table 1. Groundwater Budget for the RVFS (ac ft/yr)
Budget Parameters Newark Little Smoky Hot Creek Railroad RVFS




17,500 5,400 7,000 51,500 81,400
Inflow 1,000 2,000(a) 200(b) 3,000 2,200(d)
C. Totals 18,500 7,400 7,200 54,500 83,600
II. Discharge
A. ET 14,200 1,900 4,500 62,300 82,900
B. Springflow 2,000 4,000 2,000 17,500 25,500
C. Subsurface
Outflow 0 3,300 700 1,000(c) 1,000(e)
D. Totals 16,200 9,200 7,200 80,800 109,400
Recharge(+)/Discharge(-) 
Discrepancy + 2,300 - 1,800 - 26,300 - 25,800
(a) Antelope Valley inflow
(b) Little Fish Lake Valley inflow
(c) Outflow to Kawich Valley
(d) ,(e) RVFS totals reflect only flow that crosses system boundaries
After Eakin (1960), Rush and Everett (1966), and Van Denburgh and Rush (1974).
8.000 ac ft/y r (Figure 5).
Subsurface outflow from the RVFS is minor. The Table 1 reconnaissance 
values include 4,000 ac ft/y r that flow from Hot Creek and Little Smoky Valleys 
to Railroad and Newark Valleys. Blankennagel and Weir (1973) estimated that
1.000 ac ft/y r flow south from southern Railroad Valley to Kawich Valley.
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Spring Name and Discharge (ac ft/yr):
1. Simonson Warm (2,000)
2. Fish Creek (4,000)
3. Green (1,000)
4. Big Bull (1,000)
5. Big Warm (10,000)
6. Blue Eagle (3,500)
7. Big, North, and Reynolds (2,000)
8. Hot Creek Ranch (1,000)
9. Warm (1,000)
Figure 5. Regional Carbonate Springs in the Model Area
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Table 1 shows that annual RVFS discharge exceeds recharge by about 26,000 
ac it. The principal source of this discrepancy is the difference between Railroad 
Valley recharge and discharge. Van Denburgh and Rush (1974) offered three pos­
sible explanations for this: 1) recharge to Railroad Valley is larger than estimated 
due to extensive carbonate rock outcrops in the mountains; 2) calculated inflows 
to Railroad V alley from the adjoining Hot Creek and Little Smoky Valleys are too 
low; and 3) interbasin groundwater movement from Newark Valley and the adja­
cent White River Flow System to Railroad Valley is occurring. These explana­
tions have been simulated with the DSC model. Van Denburgh and Rush had 
greater confidence in their Railroad Valley discharge estimate and selected a 
recharge-discharge figure of 75,000 ac ft/yr for perennial yield calculations. Sub­
stitution of the 75,000 ac ft figure in Table 1 produces a RVFS budget of about
104,000 ac ft/yr.
Surface W ater
Surface water is scarce in the RVFS. Aside from free water surfaces on the 
playas during wet periods and some small spring-fed ponds, standing water bodies 
are nonexistent. Numerous ephemeral streams drain upland areas during spring 
runoff and heavy rains. By late summer, however, Hot Creek, Fish Creek, and 
Little Currant Creek are the only remaining streams. Van Denburgh and Rush 
(1974) and Rush and Everett (1966) estimated mean annual flows for these largely 
spring-fed streams of 1,000, 500, and 2,000 ac ft, respectively.
C lim ate and V egetation
Variable climates are found in the RVFS because of the wide range in eleva­
tion. The arid to semi-arid valley floors are characterized by low humidity and 
precipitation and a wide range in diurnal temperatures. Annual temperature 
ranges are also extreme. Records from Fish Creek Ranch in N. Little Smoky Val­
ley show a maximum temperature of 98°F in July and a minimum temperature of 
—34°F in January for the period 1944-1960 (Eakin, 1960). Because Great Basin 
precipitation increases with elevation, the mountains display a semi-arid to sub- 
humid climate. Winter precipitation usually occurs as snow while thunderstorms 
account for the majority of summer rainfall. The valley floors receive approxi­
mately 4 to 6 inches of precipitation per year. Average annual precipitation in 
the highest RVFS ranges exceeds 20 inches (Rush and Everett, 1966).
Vegetative cover is heavily influenced by elevation, soil, and exposure. 
Phreatophytes, including saltgrass, meadowgrass, greasewood, and rabbitbrush, 
are significant to this investigation for two reasons. First, they were very useful 
for locating springs and other groundwater discharge areas during the sampling 
phase and second, they comprise the most important groundwater discharge 
mechanism in the RVFS.
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PREVIOUS HYDROLOGIC STUDIES
A series of Water Resources Reconnaissance Reports was prepared by the 
U.S. Geological Survey (USGS) in cooperation with the Nevada Department of 
Conservation and Natural Resources in the 1960’s and 1970’s. These reports sum­
marize the occurrence and quality of surface water and groundwater in numerous 
Nevada valleys. Specific information includes estimates of annual recharge, 
discharge, springflow, and precipitation. General flow paths are delineated and 
alluvial aquifer storage capacity is estimated. The reports are conceptual in 
nature, relying heavily on field observation, water level measurements, and limited 
hydraulic data. Although interbasin flow through consolidated rocks is discussed, 
alluvial systems are emphasized. Studies relevant to the RVFS investigation are 
those describing: 1) Newark Valley (Eakin, 1960); 2) Little Fish Lake, Hot Creek, 
and Little Smoky Valleys (Rush and Everett, 1966); and 3) Railroad and Penoyer 
Valleys (Van Denburgh and Rush, 1974).
Fiero (1968) investigated several groundwater flow systems in central Nevada 
for the Atomic Energy Commission. His work provided the regional backdrop for 
detailed hydrologic studies performed at the Central Nevada Test Site in Hot 
Creek Valley. Fiero divided the Figure 1 study area into two regional flow sys­
tems: The Newark Valley System, including N. Little Smoky and Newark Val­
leys; and the Hot Creek Valley System comprising Little Fish Lake, Hot Creek, 
Reveille, S. Little Smoky, and Railroad Valleys. Fiero and Dinwiddie and 
Schroder (1971) performed hydraulic tests on deep exploratory boreholes in Hot 
Creek and S. Little Smoky Valleys. Data from these tests includes values of head, 
transmissivity, permeability, and groundwater velocities. This information 
enabled Fiero to refine the locations of recharge and discharge zones and the flow
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paths reported by Rush and Everett (1966). Groundwater flow in Railroad Val­
ley, however, was given cursory treatment. Fiero compiled a thorough inventory 
of central Nevada springs and wells.
Mifflin (1968) used groundwater potential, chemistry, temperature, and tri­
tium to delineate 136 Nevada flow systems. Flow systems were classified as small 
local, local, or regional. Local systems usually occupy a single groundwater basin; 
flow paths are relatively short and interbasin flow is minor. Regional systems 
typically encompass several groundwater basins that are hydrologically connected. 
Flow paths may cover tens of miles and are much longer than local system flow 
paths. Mifflin subdivided the RVFS portrayed in Figure 1 into four separate flow 
systems: Newark Valley, N. Little Smoky Valley, Hot Creek Valley, and Railroad 
Valley. He included S. Little Smoky and Kawich Valleys in the Railroad Valley 
System. Mifflin’s Newark and Railroad Valley systems are regional while the Hot 
Creek and N. Little Smoky Valley systems are local. He stated that the boun­
daries of these systems are questionable due to the lack of fluid potential data.
Burbey and Prudic (1988) modeled regional groundwater flow in the car­
bonate rock province of the Great Basin. They used a three-dimensional (3-D) 
finite difference model to simulate intermediate and deep flow. Because of the 
spotty availability of hydraulic data over the 140,000 mi” study area, the model 
grid consisted of cells with horizontal dimensions of 5 by 7.5 miles. The validity 
of their model hinged on two major assumptions: l) Darcy’s Law is applicable to 
flow through carbonate rock containing numerous fractures and 2) hydraulic con­
ductivity is homogeneous and isotropic over the 37.5 mi" area each cell represents. 
Burbey and Prudic realized these assumptions are questionable and considered 
their results to be conceptual in scope. Five deep flow systems were delineated in 
the region. Their Railroad Valley System is similar to the RVFS of Figure 1 with
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the following differences: 1) the southern portions of Railroad and Reveille Valleys 
are not included; and 2) the Monitor Range, Little Fish Lake Valley, and Long 
Valley have been added. Burbey and Prudic’s 121,000 ac ft/y r RVFS water 
budget is 17,000 ac ft greater than previously estimated.
RVFS flow patterns are discussed in the above investigations. Some 
significant differences in source areas and flow directions exist. The following 
statements, however, are undisputed: alluvial groundwater moves to sinks in 
Newark, Railroad, and Hot Creek Valleys; deep regional flow associated with car­
bonate rocks appears to travel in a southerly direction from Newark Valley to the 
flow system terminus in central Railroad Valley; and there is also interbasin flow 
from the western RVFS valleys to the Railroad Valley sink.
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D ISC R E T E  ST A T E  CO M PARTM ENT (DSC) M ODEL
T h eoretica l O verview
Many numerical models exist for simulating flow through heterogeneous 
porous media. The rigorous governing equations solved by these models (e.g. 
finite difference, finite element) are derived assuming Darcy’s Law is applicable. 
Darcy’s Law, however, may be invalid for the fractured media encountered in the 
RVFS. The DSC model was selected for delineating the RVFS largely because: 1) 
it is not constrained by Darcy’s Law and 2) isotope tracer data was readily avail­
able.
Discrete-state compartment models were developed by researchers at the 
University of Arizona in the mid 1970’s (Simpson and Duckstein, 1976; Campana, 
1975). These mixing-cell models enable the modeler to represent a hydrologic sys­
tem as a series of interconnected cells. Transport of water and dissolved sub­
stances through the cell network is governed by a recursive equation derived from 
conservation of mass principles. The following equation defines the cell state at 
the Nth iteration of a DSC model run:
S(N) =  S(N -l) +  [BRV(N)*BRC(N)] -  [BDV(N)*BDC(N)] ±  R(N) (1)
where
N =  iteration number;
S =  cell state =  mass of tracer in the cell;
BRV =  boundary recharge volume =  volume of water entering cell;
BRC =  boundary recharge concentration =  concentration of tracer in BRV;
BDV =  boundary discharge volume =  volume of water leaving cell;
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BDC — boundary discharge concentration =  concentration of tracer in BDV;
and
R =  source/sink within cell.
Equation (l) operates on each cell consecutively so that the BDV and BDC 
from up gradient cells become the BRV and BRC at down gradient cells (Cam- 
pana, 1987). Each term on the right hand side of equation (l) is known except for 
the BDC which is determined by utilizing one of two mixing cell options. The 
Simple Mixing Cell (SMC), which simulates perfect mixing, envisions the cell walls 
temporarily expanding to accept incoming water (BRV). Tracer dissolved in the 
BRV mixes with the cell contents, producing water with a tracer concentration 
BDC. A portion of this fully mixed water (BDV) is then expelled. Equation (2) 
defines the BDC:
where VOL =  volume of water in cell.
The Modified Mixing Cell (MMC) simulates mixing that is intermediate rela­
tive to perfect mixing and piston flow. In contrast to the SMC. cell walls remain 
rigid when MMC is utilized. As a result, the BRV for a given iteration displaces 
an equal volume of water from the cell (BDV) prior to mixing. The BDC for 
iteration N is therefore equivalent to the cell’s tracer concentration at iteration 
(N-l). Equation (3) specifies the BDC:
BDC(N) = S (N -l) +  [BRV(N)*BRC(N)] VOL +  BRV(N) (2)
(3)
As BRV approaches VOL, the MMC approximates pure piston flow. When BRV 
approaches zero, however, the MMC simulates perfect mixing.
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The system boundary recharge volume (SBRV) is the volume of water that 
enters the groundwater system via precipitation and underflow. System boundary 
recharge concentration (SBRC) is the tracer (e.g., deuterium) concentration in the 
SBRV. SBRV, SBRC, flow paths, and cell volumes are estimated prior to running 
the DSC model.
Cell configurations are initially specified by tracer distribution data and prior 
knowledge of flow system hydrogeology. In their work on the Edwards aquifer, 
Campana and Mahin (1985) stated that cells tend to be large in areas where 
tracer concentration changes little with distance. Small cells are generally associ­
ated with areas that exhibit large fluctuations in tracer concentration with dis­
tance. The modeler should attempt to account for structural features (e.g., major 
faults) and marked changes in aquifer parameters (e.g., transmissivity) when 
establishing cell boundaries.
The following definitions are necessary to understand the workings of DSC 
models. Steady state exists when mass and volume for every cell are constant 
with successive iterations. Steady flow describes the situation where the BDV for 
each cell remains constant with successive iterations. One may choose from vari­
ous regimens when running DSC models. Regimens consist of combinations of 
steady or unsteady mass, flow, and volume. Because combinations that include 
both unsteady volume and steady flow are not possible, six viable regimens exist. 
The modeler may vary regimens from one iteration to the next or use one regimen 
throughout a model run.
A steady input run is complete when steady state is achieved. The number 
of iterations required to achieve steady state depends on modeler specified preci­
sion. For a DSC model of the Tucson Basin, Campana and Simpson (1984) ini­
tially specified that steady state existed when successive iterations produced no
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change in C concentration accurate to five significant figures. By decreasing pre­
cision to three significant figures in a subsequent run, steady state was attained in 
half the iterations required for the initial run.
Model output consists of tracer concentrations and mean water ages in cells 
comprising the system. Comparison of model generated tracer concentrations 
with observed tracer data typically reveals a discrepancy. Calibration is the pro­
cess of tuning a model to obtain agreement between observed and simulated 
values. Calibration of DSC models involves modifying flow paths and making 
adjustments in the BRV and BRC. This process is performed until simulated and 
observed values agree within the analytical error associated with a particular 
tracer.
A wide range of information can be obtained from a calibrated DSC model 
including recharge rates, mean water ages, storage volumes, and general flow pat­
terns. Simulated ages, however, do not necessarily reflect actual water ages. 
Because the model assigns an age of zero to the SBRV, model derived ages may be 
significantly younger than actual ages. This can occur when large volumes of old 
water enter the system as underflow. One should attempt to verify hydrologic 
information obtained from DSC models by comparing results from other models 
and investigations (e.g., 14C dating).
There are numerous reasons for choosing DSC models to characterize a flow 
system. First, DSC models are ideal for interpreting complex systems (e.g., karst 
or highly fractured media) because they are not based on rigorous flow equations. 
DSC models are quasi-physical, however, because the fundamental recursive equa­
tion is derived from mass conservation laws. Second, a DSC model enables one to 
model hydrologic systems with a relatively small data base. Detailed knowledge 
of the system is not essential. Third, DSC models are very flexible; they can
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handle steady and unsteady flow scenarios. Cell configuration possibilities are vir­
tually unlimited. The model will accept a large or small number of cells of any 
size in either a one-, two-, or three-dimensional arrangement. Finally, DSC 
models are inexpensive to operate because of the minimal computer time required 
to complete a run.
The modeler should be cognizant of limitations inherent in using DSC 
models. The DSC model is an interpretive one. Solutions obtained from the 
model are non-unique approximations of the actual flow system. DSC models are 
best used in conjunction with additional investigative tools (e.g., water chemistry) 
if detailed flow system characterization is sought. Finally, the model as used here 
is heavily dependent on the validity of assumptions underlying the use of ground- 
water tracers.
DSC  M odel A pplications
Campana and Mahin (1985) developed a DSC model of the Edwards aquifer 
in south-central Texas. They modeled a nineteen-year period from 1953-1971 
using three-month iteration intervals. A 34-cell, 3-D model was calibrated with 
environmental tritium. Recharge estimates obtained from the model closely paral­
leled those of Garner and Shih (1973). Simulated tritium concentrations generally 
showed good agreement with observed concentrations except for cells that were 
located at the ‘downstream’ end of the flow system. Campana and Mahin specu­
lated that this downstream discrepancy was related to the large number of faults 
in this area that may not have been accounted for in the cell configuration. Mean 
water ages ranged from 16 to 130 years. The Edwards aquifer investigation 
displayed the utility of DSC models for analyzing highly fractured and faulted
systems.
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Feeney et al. (1987) modeled the groundwater flow system of western Nevada 
Test Site and surrounding areas with a deuterium (2H) calibrated DSC model. 
They experienced difficulty developing a cell configuration that yielded acceptable 
agreement between observed and simulated 2H concentrations. A good fit was 
eventually obtained by designing a 2-D system that considered both the transmis­
sivity and tracer distributions.
Kirk and Campana (1988) used 2H-calibrated models to delineate the White 
River Flow System (WRFS) in eastern Nevada. The non-unique nature of solu­
tions generated by DSC models was evident in the three separate flow scenarios 
they calibrated. Kirk and Campana considered both transient and steady inputs. 
For transient input scenarios, recharge was increased by 35 percent and 2H con­
centration was shifted by -8 permil for the period 30,000 years B.P. to 17,000 
years B.P. These adjustments were made to account for colder, wetter conditions 
that prevailed during portions of the Pleistocene. A number of system underflow 
and recharge volumes obtained from the Kirk and Campana DSC models differed 
from Eakin’s (1966) WRFS interpretations.
The DSC applications described above demonstrate the model’s flexibility 
and utility for preliminary flow system characterization. Information obtained 
from DSC models can be useful in planning follow up data collection programs 
aimed at producing more sophisticated models (Campana and Mahin, 1985).
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DEUTERIUM  AS A  G R O U N D W A TER  TRACER
T heory
Deuterium is the groundwater tracer that is used to calibrate the DSC model 
of the RVFS. It is a stable isotope of hydrogen present in all meteoric water 
(Faure, 1977). A mass spectrometer is used to measure the ratio of 2H to in 
water samples. The difference between the sample ratio and a reference standard 
ratio is the reported concentration. Equation (4) expresses the deviation of the 
sample ratio from the standard ratio in parts per thousand (permil):
2H 2h
<$D =
( j )sample ( , Standard 




A negative <$D value indicates that the sample is depleted in deuterium with 
respect to the reference standard ( i.e., isotopically lighter). Standard Mean Ocean 
Water (SMOW) was the reference standard used in the analysis of RVFS water 
samples.
Deuterium exhibits several useful attributes as a groundwater tracer: 1) it is 
part of the water molecule; 2) it is an environmental (i.e., naturally occurring) iso­
tope; 3) it is stable; 4) its concentrations are not normally affected by contact with 
aquifer materials; and 5) it generally displays spatial variability. Part of this spa­
tial variability is explained by the variation of 2H content in precipitation that 
ultimately recharges the flow system. The deuterium content of precipitation 
varies with latitude, altitude, and season (Gat, 1971). However, the 2H content of 
groundwater can be affected by numerous processes: 1) isotope fractionation in the
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unsaturated zone (e.g., by evaporation); 2) mixing of waters from adjacent 
aquifers; and 3) changes in average “H content of recharge waters over long 
periods of time (Winograd and Friedman, 1972). Areal variations in deuterium 
content can result from the complex interaction of many phenomena.
U nderlying A ssum ptions
Several assumptions are inherent in the application of deuterium as a 
groundwater tracer. Because the "H content of precipitation depends on the geo­
graphic factors cited above, it is assumed that one can identify recharge zones. 
Second, it is implied that a limited number of samples from high elevation springs 
are representative of all the recharge from a particular mountain range (Kirk and 
Campana, 1988). Finally, a steady input model operates under the assumption 
that mean 2H content of recharge waters has not changed significantly during 
groundwater residence times.
The above assumptions can be challenged on a number of a points. Assump­
tion one states that a characteristic recharge signature exists for a given geo­
graphic area. Extensive precipitation sampling performed by Smith et al. (1979) 
in the Sierra Nevada revealed large variations in 2H content at the same site 
within individual precipitation events and from storm to storm. These findings 
suggest that the concept of a geographic recharge signature may not be valid in 
some areas. Lysimeter samples collected by Gat (1971), however, indicated that 
input variations in 2H content undergo a smoothing process as water moves down 
through the unsaturated zone. Verification of a recharge signature requires iso­
tope data from the same springs over a multiple year period. Incomplete or 
nonexistent deuterium data bases throughout the RVFS make it difficult to judge 
the validity of the recharge signature assumption.
With respect to the second assumption, differences between the sample popu­
lation and the population as a whole are likely. The validity of this assumption 
improves as the number of spring samples increases. Sample density in upland 
recharge areas of the RVFS is augmented with isotope data from previous USGS 
and Desert Research Institute (DRI) investigations.
Long term stability of the deuterium content of recharge waters is disputed 
by several paleoclimatic studies (Phillips et al., 1986; Dansgaard and Tauber, 
1969). Dansgaard and Tauber’s stable isotope data from Antarctic ice cores indi­
cate that the mean “H content of precipitation during the late Wisconsin glacial 
maximum (roughly 18.000 years B.P.) may have been depleted in deuterium by 20 
permil compared to modern precipitation. Although there is no quantitative iso­
tope data to confirm paleoshifts in east-central Nevada, it is very likely they 
occurred. With respect to 2H content of RVFS recharge waters, time variant and 
time invariant scenarios are modeled. The time variant model involves input of 
deuterium depleted waters to reflect the colder, wetter conditions that prevailed 
during recent glacial advances (Davis, 1980).
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M O DEL A PPL IC A T IO N  TO RAILROAD VALLEY FLO W  SYSTEM
S ystem  B oundaries
Continuous north-south trending ranges that surround the six RVFS valleys 
act as flow system boundaries. The mountain blocks primarily consist of car­
bonate and igneous rock. Because of the presence of permeable fractured car­
bonates, it is likely that RVFS boundaries transmit some water; possible com­
munication between the RVFS and adjoining flow systems is simulated in this 
study. A topographic divide at the northern end of Newark Valley is assumed to 
be an alluvial groundwater divide. Penoyer Valley, adjacent to southern Railroad 
Valley, was originally included in the model area. It was eliminated because head 
and water budget data indicate it is hydrologically closed.
The RVFS is represented by 3-D cell configurations consisting of upper (allu­
vial) and lower (carbonate) tiers (Figures 6 and 7). Delineation of the two cell 
configurations is primarily based on the areal variation of deuterium in water 
samples collected from 45 RVFS valley springs and wells (Appendices 1 and 2). 
Topographic divides and extensive fault zones are also incorporated into the cell 
delineation process.
Cell Configuration #1 consists of eleven alluvial cells and six carbonate cells. 
The alluvial aquifers in Newark, N. Little Smoky, S. Little Smoky, and Hot Creek 
Valleys are each represented by one cell. Reveille and Railroad Valleys are parti­
tioned into two and five alluvial cells, respectively. Individual carbonate cells 
represent Newark, Northern and Southern Little Smoky, and Hot Creek Valleys. 
Railroad Valley contains three carbonate cells. Reveille Valley and southern Rail­
road Valiev are not included in the lower tier because: 1) carbonate water samples
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Figure 6. Cell Configuration 1
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Figure 7. Cell Configuration 2
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were not available; 2) there are no significant carbonate rock outcrops in the 
southern RVFS; and 3) carbonate aquifer hydraulic head information is nonex­
istent in these areas.
Cell Configuration $2, a modified version of the first configuration, consists 
of thirteen alluvial cells and eight carbonate cells. The alluvial tier contains two 
additional cells in northern Newark and central Railroad Valleys. Aside from 
these two cells, the alluvial configurations are similar. Two carbonate cells with 
no observed “H value are created in Newark and S. Little Smoky Valleys. Even 
though carbonate water samples are lacking in these areas, oil and gas exploration 
wells and water chemistry analyses confirm the presence of carbonate strata at 
depth (Thomas et ah, 1985; Fiero, 1968). In addition, the carbonate cell boun­
daries in Railroad Valley were changed to simulate the presence of the previously 
discussed Oregon-Nevada lineament.
M odel P aram eters
Prior to running the DSC model, recharge volumes, recharge tracer concen­
trations, discharge volumes, cell volumes, and flow routes were estimated. Tables 
2 and 3 and the accompanying discussion refer to model parameter values used in 
Scenario 1. Parameter values for Scenarios 2 and 3, which simulate transient and 
White River Flow System inputs, are presented in Appendices 3-12.
Annual recharge to the RVFS is 117,500 ac ft and 116,000 ac ft for 
Configurations 1 and 2, respectively. All of the recharge is derived from RVFS 
precipitation with the exception of 2,500 ac ft/yr of underflow from Little Fish 
Lake Valley east to Hot Creek Valley. Significant recharge occurs along the entire 
north-south length of the RVFS due to the presence of high elevation ranges. The 
recharge volumes in Tables 2 and 3 are based largely on the published values in
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Table 2 . Model Parameters for Configuration 1 , Scenario 1
Cell No. SBRV SBDV SBRC
(ac ft/yr) (ac ft/yr) (%) (permil)
1 13,800 13,000 8 8 -124
2 * 8,300 1,800 18 -127
3 9,000 1,900 2 1 - 1 2 1
4* 6 , 0 0 0 3,900 32 - 1 2 1
5 1,400 0 0 -109
6 * 1,500 1 , 0 0 0 24 - 1 1 1
6 * 2,500 - - -114
7 6 , 0 0 0 2,300 38 -107
8 2 , 0 0 0 2,300 42 -106
9 3,000 1 , 0 0 0 34 - 1 0 0
1 0 15,100 7,000 39 -118
1 1 9,300 44,300 98 - 1 1 0
1 1 1,400 - - -103
1 2 * 1 1 , 0 0 0 1 2 , 0 0 0 64 -118
13 9,000 1 2 , 0 0 0 1 0 0 -108
14* 2,800 6 , 0 0 0 39 - 1 1 1
15 300 0 0 - 1 0 0
16 8 , 0 0 0 9,000 1 0 0 -103
17* 7,100 0 0 - 1 1 0
Alluvial Total 78,300 92,800 - -
Carbonate Total 39,200 24,700 - -
RVFS Totals 117,500 117,500 - -
* =  carbonate cell
% — percentage of total cell discharge that is SBDV
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Table 3. Model Parameters for Configuration 2 , Scenario 1
Cell No. SBRV SBDV SBRC
(ac ft/yr) (ac ft/yr) (%) (permil)
1 2,500 2 , 0 0 0 80 -127
2 * 2 , 0 0 0 1,800 90 -127
3 11,300 13,000 1 0 0 -124
4* 6,500 0 0 -124
5 9,000 1,900 2 1 - 1 2 1
6 * 6,500 3,900 31 - 1 2 1
7 1,400 0 0 -109
8 * 500 0 0 -109
9 6 , 0 0 0 2 , 2 0 0 38 -108
1 0 * 1,500 1 , 0 0 0 24 -108
1 0 * 2,500 - - -115
1 1 3,000 2 , 0 0 0 35 -106
1 2 2 , 0 0 0 1 , 0 0 0 50 - 1 0 0
13 1 2 , 0 0 0 4,000 34 -118
14* 1 1 , 0 0 0 700 5 -118
15 5,000 1 , 0 0 0 2 0 -109
16* 2 , 0 0 0 18,000 6 8 - 1 1 0
17 5,000 46,500 98 - 1 1 0
17 2 , 0 0 0 - - -103
18 9,000 8 , 0 0 0 67 -107
19* 7,000 0 0 - 1 1 0
2 0 300 0 0 - 1 0 0
2 1 8 , 0 0 0 9,000 1 0 0 -103
Alluvial Total 76,500 90,600 - -
Carbonate Total 39,500 25,400 - -
RVFS Totals 116,000 116,000 - -
* — carbonate cell
% — percentage of total cell discharge that is SBDV
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Reconnaissance Reports #1 (Eakin,1960), 38 (Rush and Everett, 1966), and 60 
(Van Denburgh and Rush, 1974) and Burbey and Prudic (1988). These estimates 
were determined via the Maxey-Eakin method developed by Eakin et al., (1951).
The alluvial aquifers receive roughly two-thirds of RVFS recharge (Tables 2 
and 3). The remaining one-third recharges the carbonate aquifers through moun­
tain block infiltration. There is no standard procedure for apportioning recharge 
from a given range to the alluvial and carbonate systems. Thirty percent of the 
recharge was initially directed to the carbonate system if the mountain range pos­
sessed significant carbonate rock outcrops. It was assumed that carbonate aquifer 
recharge does not occur in areas lacking carbonate outcrops. Recharge quantities 
were adjusted during the calibration process.
Because the RVFS model is based on a constant cell volume assumption, sys­
tem discharge equals system recharge. Evapotranspiration from the alluvial sys­
tem accounts for 80% of the RVFS discharge. Most of the remaining 20% leaves 
the system via regional springs that discharge about 25,000 ac ft/yr from the car­
bonate aquifers. Central Railroad Valley is the site of the RVFS terminus. 
Approximately 75% (90,000 ac ft/yr) of all RVFS discharge occurs in this area. 
Underflow from the southern Railroad Valley alluvial aquifer south to Ivawich 
Valley discharges 1,000 ac ft/yr from the RVFS. The SBDV figures in Tables 2 
and 3 are based on published estimates in the Reconnaissance Reports. These 
estimates resulted from phreatophyte mapping and spring discharge measurements 
on the valley floors. Pumping from RVFS wells has not been addressed due to 
the brief period involved (<80 years) relative to the time span encompassed by 
the model.
The concentration of deuterium in RVFS recharge waters was obtained from 
29 upland spring and well samples. Areal variability in the H content of
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recharge is apparent in the range of <$D data displayed in Appendices 13 and 14 (- 
97 to -127 permil). A pattern of isotopically light water in the north and heavier 
water to the south is evident. The calibrated SBRC values in Tables 2 and 3 
reflect an averaging process when multiple samples were available for a mountain 
range. Configuration 1, cells 6 and 11, and Configuration 2, cells 10 and 17, have 
two SBRC inputs apiece.
In addition to isotopic analysis, the water samples have been analyzed for 
chloride (Cl) concentration. Water characterized by high Cl levels and enriched 
(less negative) “H content may have undergone evaporation. Samples affected by 
evaporation should not be used in the DSC model because the original isotopic 
ratios are altered. The samples used for SBRC estimation exhibit low (<25 mg/1) 
Cl levels. Five of the 45 valley well and spring samples used for cell delineation 
and model calibration, however, show high Cl content (900-1,200 mg/1). These 
samples were collected from producing oil wells in central Railroad Valley. A plot 
of 5D vs. <5180  indicates that they have not been significantly affected by evapora­
tion (Figure 8).
Cell volumes were calculated after establishing cell boundaries. Alluvial cell 
areas were determined by applying a planimeter to the 1:250,000 scale geologic 
maps contained in the Nevada Bureau of Mines and Geology Bulletins for Eureka 
(Roberts et al., 1967), Southern Nye (Cornwall, 1972), White Pine (Hose et al., 
1976), and Northern Nye (Ivleinhampl and Ziony, 1985) Counties. Carbonate 
aquifers were assumed to underlie the RVFS alluvial basins with the exception of 
southern Railroad and Reveille Valleys.
Aquifer thickness and effective porosity are required information for cell 
volume calculations. Because accurate estimates of these parameters do not exist 
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estimated for each cell. The minimum volume approach assumed thicknesses of 
1,500 and 5,000 feet for the alluvial and carbonate systems respectively. The 
corresponding effective porosities are 12% and 2%. Minimum cell volumes for 
both configurations are shown in Table 4. The aquifer thicknesses were doubled 
for the maximum cell volume approach. Alluvial porosity was increased to 20% 
and carbonate porosity was raised to 5%. Maximum volumes for individual cells 
and the entire RVFS are displayed in Table 5.
Because the values in Tables 4 and 5 incorportate an effective porosity term, 
cell volume is synonymous with aquifer storage capacity. The alluvial to car­
bonate storage capacity ratios are 2.3 : 1 and 1.5 : 1 for the minimum and max­
imum approaches respectively. The maximium RVFS storage capacity is roughly 
four times greater than the minimum estimate.
F low  R ou tin g
Scenario 1 cell flow paths are presented in Tables 6 and 7. Flow paths for 
Scenarios 2 and 3 are presented in Appendices 15-18. Initial flow routing between 
cells was based on information from Fiero (1968), the Reconnaissance Reports cov­
ering the RVFS valleys, and USGS maps depicting hydraulic heads in basin fill 
and consolidated rock (Thomas et al., 1985). Cell flow paths were adjusted dur­
ing the calibration process such that simulated deuterium concentrations 
approached the observed values. Changes to the Scenario 1 cell mixing relation­
ships necessary for calibration of Scenarios 2 and 3 are discussed in the Results 
section.
Scenario 1 horizontal and vertical flow directions are displayed in Figures 9- 
12. Configuration 1 is characterized by 15 horizontal flow mixing cell pairs and 8 
vertical flow mixing cell pairs. Configuration 2 is characterized by 19 horizontal
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and 8 "vertical mixing pairs. Horizontal mixing is confined to either the alluvial or 
carbonate tier while vertical mixing transfers water from one tier to another. 
There is a net annual transfer of 14,000 ac ft from the carbonate system to the 
alluvial system.
Table 4. Minimum Cell Volumes for Configurations 1  and 2  (1 0 7 ac ft)










1 0 5.39 2.46*
1 1 7.52 1.81








2 0 - .77
2 1 “ 1.39
Alluvial Total 36.5 36.5
Carbonate Total 16.2 16.2
RVFS Totals 52.7 52.7
38
Table 5. Maximum Cell Volumes for Configurations 1 and 2  (1 0 7 ac ft)




4 22.80* 1 2 .1 0 *
5 1 2 . 2 0 15.00
6 12.30* 12.50*
7 11.70 1 2 . 2 0
8 6.03 1 0 .2 0 *
9 5.77 11.70
1 0 17.90 12.30*
1 1 25.00 6.03
1 2 1 2 .0 0 * 5.77
13 3.65 16.00
14 13.90* 9.88*





2 0 - 2.58
2 1 - 4.63
Alluvial Total 1 2 1 . 6 121.9
Carbonate Total 81.1 81.0
RVFS Totals 202.7 202.9
* =  carbonate cell
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Table 6 . Flow Routing for Configuration 1 , Scenario 1
Discharging Receiving Discharge Discharge
Cell Cell Percentage (a) (ac ft/yr)
3 1 1 1 1 , 0 0 0
3 4* 6 8 6 , 1 0 0
1 2 * 1 2 1,800
2 * 1 0 30 3,000
2 * 1 2 * 52 5,300
4 * 1 2 * 2 0 2,400
4 * 14* 48 5,800
1 0 1 1 61 1 1 , 1 0 0
6 * 1 1 13 500
6 * 8 63 2,500
9 8 33 1 , 0 0 0
9 1 1 33 1 , 0 0 0
1 2 * 14* 36 6,700
14* 17* 31 4,700
14* 1 1 30 4,500
8 1 1 58 3,200
7 5 62 3,700
5 15 29 1,500
5 1 1 71 3,600
15 1 1 1 0 0 1,800
17* 1 1 75 8,900
17* 13 25 3,000
1 1 16 2 1 , 0 0 0
Total - - 84,100
* =  carbonate cell
(a) percentage of total cell discharge routed to downstream cells
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Table 7. Flow Routing for Configuration 2 , Scenario 1
Discharging Receiving Discharge Discharge
Cell Cell Percentage (a) (ac ft/yr)
1 3 2 0 500
2 * 4* 1 0 2 0 0
4 * 14* 40 2 , 0 0 0
4* 16* 60 3,000
5 3 13 1 , 2 0 0
5 6 * 6 6 5,900
6 * 8 * 24 3,000
6 * 16* 45 5,500
9 7 62 3,700
7 8 * 71 3,600
7 2 0 29 1,500
8 * 16* 28 2 , 0 0 0
8 * 17 72 5,100
14* 16* 95 12,400
16* 17 16 4,000
16* 19* 16 4,000
1 0 * 1 1 63 2,500
1 0 * 17 13 500
1 2 17 50 1 , 0 0 0
1 1 17 65 3,600
19* 17 73 8 , 2 0 0
19* 18 27 3,000
13 17 6 6 8 , 0 0 0
15 17 80 4,000
18 17 33 4,000
2 0 17 1 0 0 1,800
17 2 1 2 1 , 0 0 0
Total - - 95,200
* =  carbonate cell
(a) percentage of total cell discharge routed to downstream cells
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Figure 9. Horizontal Flow Paths forr Configuration 1, Scenario 1
Figure 10. Vertical Flow Paths for Configuration 1, Scenario 1 to
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The calibrated cell states and mean ages resulting from DSC model runs are 
presented in this section. All runs utilized a 30-year iteration interval and the 
SMC mixing option. Smaller iteration intervals and the MMC option had virtu­
ally no effect on model output. Steady state was achieved when cell state changed 
by <0.1 permil with subsequent iterations. A scenario was calibrated when the 
difference between observed and simulated cell states was within ±2 permil, which 
is based upon an analytical error of ±1 permil for deuterium.
C onfiguration  1 Cell S tates
Scenario 1
The calibrated cell states for the Scenario 1 maximum volume approach are 
shown in Table 8 and Figure 13. Steady state was achieved after 9,000 iterations. 
The model parameters and cell mixing relationships associated with this scenario 
were discussed previously.
The calibrated model parameters and flow paths from the Scenario 1 max­
imum volume approach were applied to the minimum cell volumes. No changes 
to the input parameters were required to achieve calibration. Simulated cell states 
are identical to the maximum volume results. The minimum volume specification 
reduced the number of iterations necessary to attain steady state to 3,000.
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T a b le 3. C e ll S ta te s  fo r  C o n f ig u ra t io n  1 M a x im u m  V o lu m e  S ce n a r io s
S te a d y  I n p u t  ( # 1 ) T ra n s ie n t  In p u t  ( # 2 ) W R F S  In p u t  ( # 3 )
C e ll  N o . O b s e r v e d  f f i S im u la te d  © D iff .(a ) S im u la te d  © D iff. S im u la te d  © D iff.
(p e r m il ) (p e r m il) (p e rm il) (p e rm il) (p e rm il) (p e r m il) (p e r m il)
1 -1 2 3 -1 2 4 -1 -1 2 5 -2 -1 2 4 -1
2* -1 2 8 -1 2 6 + 2 -1 2 8 0 -1 2 6 + 2
3 -1 2 0 -1 2 1 -1 -1 2 2 -2 -1 2 1 -1
4 * -1 2 1 -1 2 1 0 -1 2 2 -1 -1 2 1 0
5 -1 0 8 -1 0 8 0 -1 0 9 -1 -1 0 8 0
6 * -1 1 4 -1 1 4 0 -1 1 4 0 -1 1 4 0
7 -1 0 6 -1 0 7 -1 -1 0 8 -2 -1 0 7 -1
8 -1 1 0 -1 0 8 + 2 - n o 0 -1 0 8 + 2
9 -1 0 0 -1 0 0 0 -1 01 -1 -1 0 0 0
10 -1 1 8 -1 1 9 -1 -1 1 9 -1 -1 2 0 -2
11 -1 1 4 -1 1 3 + 1 -1 1 5 -1 -1 1 4 0
12* -1 1 9 -1 2 1 -2 -1 2 1 -2 -1 2 1 -2
13 -1 0 8 -1 1 0 -2 - n o -2 - n o -2
14* -1 2 1 -1 1 9 + 2 -1 2 0 +  1 -1 1 9 + 2
15 -1 0 6 -1 0 6 0 -1 0 7 -1 -1 0 6 0
16 -1 0 3 -1 0 4 -1 -1 0 4 -1 -1 0 4 -1
17* -1 1 5 -1 1 4 +  1 -1 1 5 0 -1 1 4 +  1
(a) Diff. =  simulated ®  - observed ©
* =  carbonate cell
Scenario 2
Scenario 2 incorporates model input parameters that vary with time. Param­
eters from Scenario 1 were run for 9,000 iterations to attain steady state. At that 
point, all SBRVs were increased 50% and SBRCs were shifted by -10 permil. 
This paleoshift attempts to account for the colder, wetter late Wisconsin time
=  Mountain Range 
-124 — Cell State (permil)
Figure 13. Cell States for Configuration 1, Scenario 1 Maximum Volumes
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climate from 23,000 to 12,000 years B.P. (Davis, 1980; Mifflin and Wheat, 1979). 
The original parameters were specified from 12,000 years B.P. to the present to 
complete the transient input model run. Steady state was not achieved at the ter­
mination of the model run. This scenario assumed that the effects of the paleo- 
shift perturbation are present in the isotopic content of water currently discharg­
ing from the RVFS.
Calibrated cell states from the Scenario 2 maximum volume run are shown in 
Table 8. Numerous Scenario 1 SBRCs (Table 2) were modified to calibrate the 
Scenario 2 simulation (Appendix 3). The influx of isotopically light Pleistocene 
water was offset by increasing the SBRCs of cells 2-4, 6, 7, and 9 by 2 permil and 
cells 10 and 12 by 3 permil. The recharge concentrations of alluvial cells 1 and 16 
were raised by 1 permil. Three flow routing changes were also necessary: l) flow 
from cell 3 to 1 (alluvial N. Little Smoky to alluvial Newark Valley) was boosted 
by 300 ac ft/yr; 2) flow from cell 3 to 4 (alluvial tier to carbonate tier in N. Little 
Smoky Valley) was reduced by 300 ac ft/yr; and 3) 1,300 ac ft/yr was routed 
from cell 16 to 13 (southern to central Railroad Valley). Most of the significant 
SBRC modifications were made in the northern and central portions of the RVFS.
Minimum volume, transient input cell states are displayed in Table 9. Six 
alterations to the steady input (Scenario l) parameters shown in Table 2 were 
required to obtain calibration (Appendix 5). The SBRCs of cells 10 and 12 (N. 
Railroad Valley alluvial and carbonate) were raised by 1 permil. The recharge 
concentrations of carbonate cell 6 (Hot Creek Valley) were increased from -111 to 
-109 and -114 to -113. The SBRCs of alluvial cells 5 (S. Little Smoky Valley) and 
7 (Hot Creek Valley) were increased by 3 permil. It is apparent that the paleo- 
shift has a much greater impact on maximum volume cell states. This observa­
tion is explained by the difference in maximum and minimum storage capacities.
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Table 9. Cell States for Configuration 1 , Scenario 2  Minimum Volumes
Cell No. Observed ® Simulated ® Diff.(a)
(permil) (permil) (permil)
1 -123 -124 - 1
2 * -128 -127 + 1
3 - 1 2 0 - 1 2 2 - 2
4* - 1 2 1 - 1 2 2 - 1
5 -108 -108 0
6 * -114 -113 + 1
7 -106 -105 + 1
8 - 1 1 0 -109 + 1
9 - 1 0 0 - 1 0 1 - 1
1 0 -118 -119 - 1
1 1 -114 -114 0
1 2 * -119 - 1 2 1 - 2
13 -108 - 1 1 0 - 2
14* - 1 2 1 - 1 2 0 + 1
15 -106 -108 - 2




* =  carbonate cell
(a.) Diff. =  simulated ®  - observed ®
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Isotopically light paleoshift water remains in the RVFS much longer with max­
imum volumes because the ratio of recharge volume to cell volume is low. This 
ratio is much higher with minimum volumes and hence the paleoshift perturba­
tion is largely flushed from the RVFS by the end of the model run.
Scenario 3
Scenario 3 is a modified version of the original steady input Scenario 1. This 
scenario is designed to simulate communication between the RVFS and the White 
River Flow System (WRFS) to the east. Analysis of Eakin’s (1966) WRFS valley 
budgets reveals a large recharge surplus in Long (8,000 ac ft/yr) and Jakes (17,000 
ac ft/yr) Valleys. Mifflin (1968) provides water chemistry evidence to substantiate 
the existence of interbasin flow from Long to Newark Valley and from Jakes to 
northern Railroad Valley. Carbonate rock fluid potential information is too lim­
ited to either confirm or refute interbasin flow (Thomas et al., 1985). However, 
there is an alluvial hydraulic gradient from Long to Newark Valley.
Implementing Scenario 3 involved routing 4,000 ac ft/yr from Long Valley to 
carbonate cell 2 in Newark Valley. Jakes Valley contributes 6,000 ac fr/yr to car­
bonate cell 12 in northern Railroad Valley. The SBRC values of -126 permil and 
-124 permil are from the Kirk and Campana (1988) WRFS investigation. This 
annual influx of 10,000 ac ft was partially offset by reducing the calibrated SBRVs 
of the Newark and northern Railroad Valley cells by 7,500 ac ft/yr. In order to 
achieve calibration after these changes in SBRC and SBRV values, flow from cell 
5 to cell 11 (alluvial S. Little Smoky to alluvial central and southern Railroad 
Valley) was decreased by 3,000 ac ft/yr. This water was then routed to carbonate
cell 12.
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Maximum volume, Scenario 3 cell states were shown in Table 8. The 
minimum and maximum volume results are identical. Steady state was attained 
after 9,000 and 3,000 iterations for the maximum and minimum volumes, respec­
tively. Transient input simulations were not performed with Scenario 3. Results 
of the WRFS input model support the possibility of interbasin flow between the 
RVFS and the WRFS.
C on figuration  1 M ean Ages
M axim um  V olum es
Mean ages for Configuration 1, maximum volume scenarios are presented in 
Table 10 and Figure 14; they range from roughly 7,000 to 46,000 years. Tran­
sient input ages are similar to, but consistently less than or equal to, steady input 
ages. A possible explanation for this pattern is the reduced groundwater residence 
time resulting from the 50% increase in system recharge during the paleoshift. 
There are some significant differences in cell ages when Scenarios 1 and 3 are com­
pared. Cell 1 ages are 12,700 and 14,700 years for Scenarios 1 and 3, respectively. 
This difference can be attributed to the reduction in the cell 1 SBRV (2,000 ac 
ft/yr) for Scenario 3. An increase in the cell 2 SBRV (3,000 ac ft/yr) for Scenario 
3 results in a cell age 2,500 years less than the corresponding Scenario 1 age. 
Actual mean ages of Scenario 3 water could be considerably older than the simu­
lated ages due to the large volume of underflow entering the RVFS from the
WRFS.
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Table 10. Mean Ages for Configuration 1 Maximum Volume Scenarios (Years)
Cell No. Steady Input (# 1 ) Transient Input (# 2 ) WRFS Input (#3)
1 12,700 12,600 14,700
2 * 16,500 16,300 13,000
3 16,700 16,500 16,700
4* 27,200 27,200 27,200
5 38,000 37,500 38,100
6 * 30,800 30,400 30,800
7 19,500 19,200 19,500
8 28,500 28,200 28,500
9 19,300 19,000 19,300
1 0 12,600 12,500 13,100
1 1 21,900 21,600 20,700
1 2 * 14,600 14,400 14,900
13 6,800 6,800 7,000
14* 25,900 25,600 24,300
15 46,200 45,600 46,200
16 7,400 7,300 7,300
17* 15,300 15,000 15,300
* =  carbonate cell
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Figure 14. Mean Ages for Configuration 1, Scenario 1 Maximum Volu
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M inim um  V olum es
Configuration 1 cell ages for minimum volume Scenarios 1-3 are shown in 
Table 11. The ages range from approximately 2,000 to 14,000 years. The age 
patterns and general comments in the preceding paragraph also apply to the 
minimum volume results. A direct relationship between cell size and mean age is 
evident when maximum and minimum results are compared. The 3.3 : 1 ratio of 
maximum to minimum alluvial cell volumes is nearly mirrored in the maximum to 
minimum cell age ratios. This observation also applies to the 5 : 1 carbonate cell 
volume ratio.
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Table 11. Mean Ages for Configuration 1 Minimum Volume Scenarios (Years)
Cell No. Steady Input (#1) Transient Input (#2) WRFS Input (#3)
1 3,800 3,700 4,400
2* 3,600 3,400 2,800
3 5,000 4,900 5,000
4* 6,300 6,100 6,300
5 11,400 11,100 11,400
6* 6,200 6,000 6,200
7 5,800 5,700 5,800
8 7,200 7,000 7,200
9 5,800 5,600 5,800
10 3,600 3,500 3,700
11 5,900 5,700 5,500
12* 3,100 3,000 3,600
13 1,700 1,700 1,800
14* 5,600 5,400 5,400
15 14,000 13,600 14,000
16 2,200 2,100 2,100
17* 3,200 3,100 3,300
* =  carbonate cell
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C arbon-14 D ecay A ges
Carbon-14 decay ages have been calculated for two regional RVFS springs 
(Table 12). These ages are based on percent modern 14C and <513C data obtained 
from the USGS data base. These ages may lend credence to the carbonate water 
flow paths delineated in Figure 9 because Big Warm Spring is about 25 miles 
upgradient from Lockes Big Spring. However, the 513C data required for age 
correction is not available for Lockes Big Spring. It can be misleading to compare 
uncorrected and corrected ages.
It is interesting to note the simulated mean ages of Configuration 1 carbonate 
cells 12 and 14 that underly these springs. The simulated mean ages differ by 
about 11,000 years while the spring 14C ages differ by 8,600 years. Direct com­
parison of the 14C and simulated ages is not warranted because 14C dating is 
based on a water sample from a single aquifer location while the simulated age 
represents the mean value for all the fluid elements in a given cell.
Table 12. Carbon-14 and Simulated Mean Ages in Railroad Valley
Name Percent 513C 14C Age Simulated
Modern 14C (yrs) Mean Age
Big Warm Spg. 3.1 -4.4 20,400(a) 14,600(c)
Lockes Big Spg. 3.0 - 29,000(b) 25,900(d)
(a) Corrected age
(b) Uncorrected age
(c) Mean age of cell 12, Configuration 1, Maximum Volume, Steady Input Scenario
(d) Mean age of cell 14, Configuration 1, Maximum Volume, Steady Input Scenario
C onfiguration  2 Cell S tates
Scenario 1
Flow Scenarios 1-3 are applied to cell Configuration 2. The number of model 
iterations is the same as the corresponding Configuration 1 runs. Calibrated cell 
states for the Scenario 1 maximum volume model run are shown in Table 13 and 
Figure 15. The model parameters and mixing cell relationships associated with 
this scenario were discussed previously. Scenario 1 minimum and maximum 
volume cell states are identical.
Scenario 2
Calibrated cell states from the Scenario 2 maximum volume, transient input 
run are also shown in Table 13. Changes to the Scenario 1 inputs to achieve cali­
bration consisted of increasing the: 1) SBRC of cell 21 by 1 permil; 2) SBRC of 
cells 3, 6, 12, 13, and 14 by 2 permil; 3) SBRC of cell 5 by 3 permil; and 4) SBRC 
of cell 9 by 4 permil (Appendix 8). Large changes in the SBRC of cell 5 (alluvial 
N. Little Smoky Valley) and cell 9 (alluvial Hot Creek Valley) were the only 
justifiable option for attaining calibration of these cells because they do not 
receive flow from other cells. All Scenario 2 cell states are equal to or lighter than 
the observed values. This is in contrast to Scenario 1 results in which eight cell 
states are 1 or 2 permil heavier than the observed values. The influx of light 
paleoshift water accounts for this difference.
Table 14 contains the calibrated cell states for Scenario 2 minimum volumes. 
The following adjustments to Scenario 1 inputs were made: 1) increase the 
SBRCs of cells 9 and 12 (alluvial Reveille Valley) by 3 and 2 permil, respectively; 
2) reduce flow from cell 9 to 7 (alluvial S. Little Smoky Valley) by 1,000 ac ft/yr
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T a b le  13 . C e ll  S ta te s  (o r  C o n fig u ra t io n  2 M a x im u m  V o lu m e  S ce n a r io s
S te a d y  In p u t  ( # 1 ) T ra n s ie n t  In p u t  ( # 2 ) W R F S  In p u t  ( # 3 )
C e ll  N o . O b s e r v e d  © S im u la te d  © D iff  .(a ) S im u la te d  © D iff. S im u la te d  © D iff.
(p e r m il ) (p e r m il) (p e rm il) (p e rm il) (p e rm il) (p e r m il) (p e r m il)
1 -1 2 9 -1 2 7 + 2 -1 3 0 -1 -1 2 7 + 2
2* -1 2 8 -1 2 7 +  1 -1 3 0 -2 -1 2 7 +  1
3 -1 2 3 -1 2 4 -1 -1 2 5 -2 -1 2 4 -1
4 * - -1 2 3 - -1 2 6 - -1 2 4 -
5 -1 2 0 -1 2 1 -1 -1 2 2 -2 -1 2 1 -1
6 * -1 2 1 -1 2 1 0 -1 2 2 -1 -1 2 1 0
7 -1 0 8 -1 0 8 0 -1 0 8 0 -1 0 8 0
8 * - -1 1 4 - -1 1 4 - -1 1 4 -
9 -1 0 6 -1 0 8 -2 -1 0 7 -1 -1 0 8 -2
10* -1 1 4 -1 1 2 + 2 -1 1 5 -1 -1 1 2 + 2
11 -1 1 0 -1 0 9 + 1 -1 1 2 -2 -1 0 9 +  1
12 -1 0 0 -1 0 0 0 -1 0 1 -1 -1 0 0 0
13 -1 1 8 -1 1 9 -1 -1 1 9 -1 -1 1 9 -1
14* -1 1 8 -1 1 9 -1 -1 2 0 -2 -1 2 0 -2
15 -1 1 0 -1 0 9 +  1 -1 1 0 0 -1 0 9 +  1
16* -1 2 1 -1 1 9 + 2 -1 2 1 0 -1 2 0 +  1
17 -1 1 4 -1 1 2 + 2 -1 1 4 0 -1 1 3 +  1
18 -1 0 8 -1 0 9 -1 -1 0 9 -1 -1 0 9 -1
19* -1 1 5 -1 1 3 + 2 -1 1 5 0 -1 1 4 +  1
2 0 -1 0 6 -1 0 7 -1 -1 0 7 -1 -1 0 7 -1
21 -1 0 3 -1 0 4 -1 -1 0 4 -1 -1 0 4 -1
(a) Diff. =  simulated ©  - observed ©
* =  carbonate cell
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Figure 15. Cell States for Configuration 2, Scenario 1 Maximum Volumes
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Table 14. Cell States for Configuration 2, Scenario 2  Minimum Volumes






1 -129 -128 + 1
2 * -128 -127 + 1
3 -123 -124 - 1
4 * - -124 -
5 - 1 2 0 - 1 2 2 - 2
6 * - 1 2 1 - 1 2 2 - 1
7 -108 - 1 1 0 - 2
8 * - -115 -
9 -106 -106 0
1 0 * -114 -114 0
1 1 - 1 1 0 - 1 1 0 0
1 2 - 1 0 0 - 1 0 0 0
13 -118 - 1 2 0 - 2
14* -118 -119 - 1
15 - 1 1 0 -109 + 1
16* - 1 2 1 - 1 2 0 + 1
17 -114 -113 + 1
18 -108 -109 - 1
19* -115 -114 + 1
2 0 -106 -107 - 1
2 1 -103 -104 + 1
(a) Diff. == simulated <5D - observed <5D 
* =  carbonate cell
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and route it to alluvial cell 20 (S. Railroad Valley); 3) reduce flow from cell 7 to 
20 by 1,000 ac ft/yr; and 4) reduce flow from cell 6 to cell 8 (carbonate N. Little 
Smoky to carbonate S. Little Smoky Valley) by 1,000 ac ft/yr and route it to cell 
16 (carbonate central Railroad Valley) (Appendix 10).
Scenario 3
The cell states of Scenarios 1 and 3 are the same with the exception of five 
Railroad Valley cells (Table 13). Calibrated Scenario 3 cell states for carbonate 
cells 4, 14, 16, and 19 and alluvial cell 17 are 1 permil lighter, reflecting the sub­
stitution of 10.000 ac ft/y r of WRFS underflow for an equal volume of heavier 
RVFS mountain block recharge. In addition to the WRFS underflow, Scenario 3 
inputs differ from Scenario 1 inputs as follows: 1) carbonate flow from cell 2 to 4 
(N. Newark to S. Newark Valley) was boosted by 500 ac ft/yr; 2) flow from cell 2 
to cell 1 (N. Newark Valley alluvial) is 500 ac ft/yr; 3) 2,000 ac ft/yr was routed 
from cell 15 to 14 (central Railroad Valley alluvial to central Railroad Valley car­
bonate); and 4) flow from cell 15 to 17 (central Railroad Valley alluvial) was 
decreased by 2,000 ac ft/yr (Apppendix 12). Scenario 3 maximum and minimum 
cell states are identical.
C on figuration  2 M ean Ages
M axim um  V olum es
Mean ages for Configuration 2, maximum volume Scenarios 1-3 are shown in 
Table 15 and Figure 16. The ages range from 4,000 to 46,000 years. A 3,000 year 
decrease in the youngest mean age is apparent when Configuration 1 and 2 results 
are compared. This decrease results from the creation of alluvial cell 15 (central
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Table 15. Mean Ages for Configuration 2 Maximum Volume Scenarios (Years)
Cell No. Steady Input (# 1 ) Transient Input (# 2 ) VVRFS Input (#3)
1 10,500 10,400 1 2 , 0 0 0
2 * 1 1 , 0 0 0 10,800 7.300
3 13,200 13,000 16,000
4* 18,400 18,100 16,400
5 16,700 16,500 16,700
6 * 18,000 17,800 18,000
7 38.100 37,600 38.100
8 * 41,300 40,800 41,300
9 19.500 19,200 19,500
1 0 * 30,800 30,400 30,800
1 1 25.000 24.700 25.100
1 2 28,900 28,400 28,900
13 13,400 13,200 16,100
14* 10,800 10,700 8 , 0 0 0
15 4,100 4,100 4,000
16* 2 1 , 0 0 0 20.700 17,300
17 21.600 21,300 2 2 , 2 0 0
18 6,300 6 , 2 0 0 6 , 2 0 0
19* 13,000 12,800 1 2 , 1 0 0
2 0 46.300 45,600 46,200
2 1 7,500 7,400 7,500
* =  carbonate cell
Figure 16. Mean Ages for Configuration 2, Scenario 1 Maximum Volumes
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Railroad Valley) that is characterized by a high recharge to cell volume ratio. 
The general age patterns and results discussion for Configuration 1 maximum 
volume ages also apply to the results in Table 15.
M inim um  V olum es
Minimum volume mean ages are presented in Table 16. The values range 
from 1.200 to 14.000 years. For the first time, however, some transient input cell 
ages are older than the corresponding steady input cell ages (cells 7, 8, and 16). 
This is attributed to the net reduction in BRVs to these cells during calibration.
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Table 16. Mean Cell Ages for Configuration 2  Minimum Volume Scenarios (Years)
Cell No. Steady Input (# 1 ) Transient Input (# 2 ) WRFS Input (#3)
1 3,200 3,100 3,500
2 * 2 , 2 0 0 2 , 2 0 0 1,500
3 4,000 3,900 4,800
4 * 3,700 3,600 3,300
5 5,000 4,900 5,000
6 * 4,400 4,300 4,400
7 11,400 12,400 11,500
8 * 10,600 1 2 , 0 0 0 10,600
9 5,900 5,700 5,800
1 0 * 6 , 2 0 0 6 , 0 0 0 6 , 2 0 0
1 1 6 , 1 0 0 5,900 6 , 1 0 0
1 2 8,700 8,500 8,700
13 4,000 3,900 4,800
14* 2 , 2 0 0 2 , 1 0 0 1,700
15 1,300 1 , 2 0 0 1 , 2 0 0
16* 4,600 5,700 3,800
17 5,800 5,600 5,900
18 1,600 1,600 1,600
19* 2,700 2,700 2,600
2 0 14,000 10,800 13,900
2 1 2 , 2 0 0 2 , 1 0 0 2 , 2 0 0
* =  carbonate cell
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SENSITIVITY ANALYSIS
The primary objectives of the sensitivity analysis are to: 1) determine which 
parameters have the greatest impact on model output; and 2) quantify the effect 
of input parameter error on simulated output.
Parameter perturbation was the method utilized in this sensitivity analysis. 
This method involves changing system parameters and measuring the change in 
system output (McCuen, 1973). The SBRV and SBRC were selected for parame­
ter perturbation. System output is represented by cell state and mean age. The 
analysis was performed on cell Configuration 2, Scenario 1.
Two types of sensitivities were calculated. Component sensitivity, Sc, refers 
to the sensitivity of the ouput of an individual component (a cell) to a parameter 
change (McCuen, 1973). Sc can be expressed mathematically as follows:
where
AYC =  change in component output; and 
APj =  change in a parameter
(5)
Model sensitivity, Sm, refers to the sensitivity of the model output to a 





AYm =  change in model output
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For the purpose of this analysis, the output of Railroad Valley alluvial cell 17 is 
equivalent to model output. This assignment is based on the fact that cell 17 
accounts for roughly 40% of the total RVFS discharge.
The sensitivity analysis involved perturbing the SBRVs and SBRCs of cells 
that contribute water to cell 17 (all cells except 1, 3, and 21). The four perturba­
tions are: 1) increase the SBRV by 20%; 2) increase the SBRV by 50%; 3) 
decrease the SBRC by 2 permil; and 4) decrease the SBRC by 10 permil. One per­
turbation was made to a single cell for each model run. Seventy-two runs (4 per­
turbations X 18 cells) were required to complete the analysis. To eliminate 
parameter units, AYC, AYm, and APj were calculated on a percentage basis. This 
permits direct comparisons of sensitivity analysis results.
S en sitiv ity  A n alysis R esults
Results from the first perturbation are shown in Tables 17 and 18. Cell 17 is 
positioned at the bottom of the tables because it is downgradient from cells 2-20. 
Changing the SBRV affects cell states and mean ages. However, the low model 
(0.0-0.9%) and component (0.0-1.8%) sensitivities indicate that a 20% increase in 
the SBRV has very little impact on cell state.
Post-perturbation mean ages are younger than calibrated ages as a result of 
the higher recharge to cell volume ratios. Percentage values of Sm (0-16.5%) and 
Sc (7-87%) are much larger for mean ages. Mean age component sensitivities are 
greater than model sensitivities. This is expected since a perturbation that 
significantly affects individual cell output is attenuated after mixing with the 
numerous inputs to cell 17. Percentage values of Sc are highest (82-8/%) for the 
seven cells that receive only SBRVs and lowest for cells with a low SBRV to BRV 
ratio. Perturbations to cells 13 and 19 have the greatest impact on model output.
6 8
Table 17. Cell State Sensitivity Results from a 2 0 % Increase in SBRV
Cell Pre- Post — Post — Model Component
Number Perturbation Perturbation Perturbation Sensitivity Sensitivity
Cell State Cell State Cell 17 State |SmXl00 | |Sc x 1 0 0  t
(permil) (permil) (permil) (%) (%)
2 * -127.0 -127.0 -112.4 0.0 0.0
4 * -123.2 -123.1 -112.5 0.5 0.4
5 - 1 2 1 . 1 - 1 2 1 . 0 -112.5 0.5 0.4
6 * - 1 2 1 . 1 -1 2 1 . 1 -112.5 0.5 0 . 0
7 -108.1 -108.1 -112.4 0.0 0.0
8 * -113.6 -113.5 -112.4 0.0 0.5
9 -107.7 -107.6 -112.4 0.0 0.5
1 0 * -112.4 -112.4 -112.4 0.0 0.0
1 1 -108.9 -108.6 -112.4 0.0 1.4
1 2 -1 0 0 . 1 -1 0 0 . 0 -112.4 0.0 0.5
13 -119.0 -119.0 -1 1 2 . 6 0.9 0.0
14* -119.0 -118.9 -112.5 0.5 0.4
15 -109.0 -109.0 -112.4 0.0 0.0
16* -119.0 -118.9 -112.4 0.0 0.4
18 -108.6 -108.4 -112.4 0.0 0.9
19* -113.4 -113.0 -112.4 0.0 1 . 8
2 0 -106.7 -106.5 -112.4 0.0 1.0
17 -112.4 -112.3 -112.3 0.5 0.5
* =  carbonate cell
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Table 18. Mean Age Sensitivity Results from a 2 0 % Increase in SBRV
Cell Pre- Post — Post — Model Component
Number Perturbation Perturbation Perturbation Sensitivity Sensitivity
Mean Age Mean Age Cell 17 Mean Age |Smx 1 0 0  | |Scx 1 0 0  |
(years) (years) (years) (%) (%)
2 * 1 1 , 0 0 0 9,100 21,600 0.0 87
4 * 18,400 15,400 21,400 4.5 82
5 16,700 13,900 21,400 4.5 84
6 * 18,000 16,300 21,400 4.5 47
7 38,100 36,100 21,500 2.5 26
8 * 41,300 40,700 21,600 0.0 7
9 19,500 16,300 21,300 7.0 82
1 0 * 30,800 25,700 21,400 4.5 83
1 1 25,000 22,600 21,400 4.5 48
1 2 28,900 24,100 21,500 2.5 83
13 13,400 1 1 , 1 0 0 20,900 16.5 8 6
14* 10,800 9,300 21,300 7.0 70
15 4,100 3,400 21,300 7.0 8 6
16* 2 1 , 0 0 0 20,700 21,600 0.0 7
18 6,300 5,500 21,300 7.0 64
19* 13,000 11,500 2 1 , 1 0 0 11.5 58
2 0 46,300 44,800 21,600 0.0 16
17 21,600 2 1 , 0 0 0 2 1 , 0 0 0 14.0 14
* =  carbonate cell
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These cells are characterized by: 1) large discharges to cell 17; 2) short flow paths 
to cell 17; and 3) large differences between their mean ages and cell 17 mean age.
Sensitivity results from a 50% increase in SBRV are shown in Tables 19 and 
20. The cell state Sm and Sc values are nearly identical to the corresponding 
Table 17 values, indicating a linear relationship between cell state and SBRY. 
Table 19 shows that a 50% boost in SBRV does not significantly affect cell states.
As expected, the difference between pre-perturbation and post-perturbation 
mean ages is much greater with the 50% SBRV increase. Mean age Sm values in 
Tables 18 and 20 are similar. The Table 20 mean age component sensitivities, 
however, are generally smaller than the corresponding Table 18 values. This sug­
gests that the relationship between mean age and SBRV is not linear.
Results of the -2 and -10 permil perturbations are presented in Tables 21 and 
22. Altering SBRC values has no effect on mean ages. The largest Sc values 
again correspond to cells that receive only SBRV or minor inflow from other cells. 
Perturbations to cells 13 and 19 again have the largest impact on model output. 
Model and component sensitivities are nearly constant from Table 21 to Table 22.
In summary, the sensitivity analysis shows that significant error in SBRV 
estimates produces inaccurate mean ages but does not substantially impact cell 
states. Errors in SBRC estimates do not effect mean ages but yield erroneous cell 
states. Model output is most sensitive to inflow from cells close to the flow sys­
tem terminus.
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Table 19. Cell State Sensitivity Results from a 50% Increase in SBRV
Cell Pre- Post — Post — Model Component
Number Perturbation Perturbation Perturbation Sensitivity Sensitivity
Cell State Cell State Cell 17 State |Smx 1 0 0  | |Scx 1 0 0  |
(permil) (permil) (permil) (%) (%)
0 * -127.0 -127.0 -112.4 0.0 0.0
4* -123.2 -123.1 -1 1 2 . 6 0.4 0 . 2
5 - 1 2 1 . 1 - 1 2 1 . 0 - 1 1 2 . 6 0.4 0 . 2
6 * - 1 2 1 . 1 -1 2 1 . 1 -1 1 2 . 6 0.4 0 . 0
7 -108.1 -108.2 -112.4 0.0 0 . 2
8 * -113.6 -113.4 -112.4 0.0 0.4
9 -107.7 -107.6 -112.3 0 . 2 0 . 2
1 0 * -112.4 -112.4 -112.4 0.0 0.0
1 1 -108.9 -108.3 -112.3 0 . 2 1 .1
1 2 - 1 0 0 . 1 -1 0 0 . 1 -112.3 0 . 2 0 . 0
13 -119.0 -119.1 -112.9 0.9 0 . 2
14* -119.0 -118.7 -1 1 2 . 6 0.4 0.5
15 -109.0 -109.0 -112.3 0 . 2 0 . 0
16* -119.0 -118.7 -112.4 0.0 0.5
18 -108.6 -108.2 -112.3 0 . 2 0.7
19* -113.4 -1 1 2 . 6 -112.3 0 . 2 1.4
2 0 -106.7 -106.2 -112.4 0.0 0.9
17 -112.4 -1 1 2 . 1 -1 1 2 . 1 0.5 0.5
=  carbonate cell
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Table 2 0 . Mean Age Sensitivity Results from a 50% Increase in SBRV
Cell Pre- Post — Post — Model Component
Number Perturbation Perturbation Perturbation Sensitivity Sensitivity
Mean Age Mean Age Cell 17 Mean Age 1 Sm x 1 0 0  | |Scx 1 0 0  |
(years) (years) (years) (%) (%)
2 * 1 1 , 0 0 0 7,300 21,600 0 . 0 67
4* 18,400 12,400 2 1 , 2 0 0 3.8 65
5 16,700 1 1 , 1 0 0 2 1 , 2 0 0 3.8 67
6 * 18,000 14,300 2 1 , 1 0 0 4.6 41
7 38,100 33,500 21,300 2 . 8 24
8 * 41,300 39,900 21,500 0.9 7
9 19,500 13,000 20,900 6.4 67
1 0 * 30,800 20,500 2 1 , 1 0 0 4.6 67
1 1 25,000 19,600 2 1 , 2 0 0 3.8 43
1 2 28,900 19,300 21,400 1 . 8 6 6
13 13,400 8,900 19,900 15.8 67
14* 10,800 7,700 20,900 6.4 57
15 4,100 2,700 20,700 8.4 6 8
16* 2 1 , 0 0 0 2 0 , 2 0 0 21,500 0.9 8
18 6,300 4,600 2 1 , 0 0 0 5.6 54
19* 13,000 9,900 20,400 1 1 . 2 48
2 0 46,300 42,600 21,500 0.9 16
17 21,600 2 0 , 1 0 0 2 0 , 1 0 0 13.8 14
* =  carbonate cell
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Table 21. Cell State Sensitivity Results from a 2  permil Decrease in SBRC
Cell Pre- Post — Post — Model Component
Number Perturbation Perturbation Perturbation Sensitivity Sensitivity
Cell State Cell State Cell 17 State |Smx 1 0 0  | |Scx 1 0 0  |
(permil) (permil) (permil) (%) (%)
2 * -127.0 -129.0 -112.4 0.0 1 0 0
4* -123.2 -125.0 -112.5 5.7 91
5 -1 2 1 . 1 -123.0 -112.5 5.5 94
6 * -1 2 1 . 1 - 1 2 2 . 1 -112.5 5.5 50
7 -108.1 -108.6 -112.5 5.0 26
8 * -113.6 -113.7 -112.4 0.0 5
9 -107.7 -109.6 -1 1 2 . 6 9.9 95
1 0 * -112.4 -114.4 -112.5 5.2 1 0 1
1 1 -108.9 - 1 1 0 . 0 -112.5 4.9 54
1 2 -1 0 0 . 1 -1 0 2 . 1 -112.5 4.6 1 0 0
13 -119.0 - 1 2 1 . 0 -1 1 2 . 8 2 1 . 0 99
14* -119.0 - 1 2 0 . 6 -1 1 2 . 6 1 0 . 8 80
15 -109.0 - 111.0 -1 1 2 . 6 1 0 . 0 1 0 0
16* -119.0 -119.2 -112.4 0.0 9
18 -108.6 - 1 1 0 . 1 -1 1 2 . 6 9.8 74
19* -113.4 -114.7 -112.7 15.1 63
2 0 -106.7 -107.1 -112.4 0.0 19
17 -112.4 -112.7 -112.7 14.8 15
* =  carbonate cell
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|Scx 1 0 0  | 
(%)
2 * -127.0 -137.0 -112.4 0 . 0 1 0 0
4* -123.2 -132.9 -1 1 2 . 8 4.7 98
5 -1 2 1 . 1 -131.0 -1 1 2 . 8 4.6 99
6 * -1 2 1 . 1 -126.3 -112.9 5.8 54
7 -108.1 - 1 1 0 . 8 -112.7 3.2 29
8 * -113.6 -114.3 -112.5 1 . 1 7
9 -107.7 -117.5 -113.1 7.4 99
1 0 * -112.4 -122.4 -112.9 5.4 1 0 0
1 1 -108.9 -114.4 -1 1 2 . 8 4.1 56
1 2 - 1 0 0 . 1 - 1 1 0 . 0 -1 1 2 . 6 2 . 0 99
13 -119.0 -129.0 -114.1 19.1 99
14* -119.0 -127.1 -113.1 7.9 82
15 -109.0 -119.0 -113.3 9.4 1 0 0
16* -119.0 -119.8 -1 1 2 . 6 2 . 2 8
18 -108.6 -116.1 -113.0 6 . 2 76
19* -113.4 -119.6 -113.7 13.7 62
2 0 -106.7 -108.4 -112.5 1 . 0 17
17 -112.4 -113.9 -113.9 15.7 16
* =  carbonate cell
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SUM M ARY A ND CONCLUSIONS
Sum m ary
A deuterium-calibrated DSC model has been applied to the RVFS to del­
ineate the flow system, obtain estimates of storage volumes, groundwater ages, 
recharge-discharge rates, and general flow patterns. The RVFS is represented by 
3-D cell configurations consisting of upper (alluvial) and lower (carbonate) tiers. 
Configurations composed of 17 and 21 cells were developed. Three separate flow 
scenarios characterized by 1) steady; 2) transient; and 3) WRFS inputs were cali­
brated for both configurations.
Because accurate estimates of aquifer thicknesses and effective porosities were 
not available, minimum and maximum storage capacities were calculated (Tables 
23 and 24). The minimum volume approach assumed thicknesses of 1,500 and
5,000 feet and effective porosities of 12% and 2% for the alluvial and carbonate 
systems respectively. Aquifer thicknesses were doubled and effective porosities 
were increased to 20% and 5% for the maximum volume approach.
The range in mean ages is presented in Tables 23 and 24. The oldest alluvial 
mean ages are virtually identical when Configurations 1 and 2 are compared. The 
oldest Configuration 2 carbonate age exceeds the corresponding Configuration 1 
age by more than 10,000 years. This is explained by the creation of cell 8 in 
Configuration 2, a large volume, low recharge cell underlying S. Little Smoky Val­
ley. The decrease in youngest alluvial and carbonate mean ages from 
Configuration 1 to 2 results from the creation of small volume, high SBRV cells 
(alluvial cell 15 and carbonate cell 2). Transient input mean ages are generally 
less than or equal to the corresponding mean ages for steady input Scenarios 1 
and 3. This trend is attributed to the 50% increase in the SBR\ that was
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Table 23. Range in Parameters for Alluvial Cells (Steady Inputs)
Parameter Configuration 1 Configuration 2
Storage Capacity 
(1 0 8  ac ft) 3.7 to 12.0 3.7 to 12.0
Mean Age (years) 1,700 to 46,200 1,200 to 46,300
Recharge Volume 
(1 0 4 ac ft/yr) 7.48 to 7.83 7.65
Table 24. Range in Parameters for Carbonate Cells (Steady Inputs)
Parameter Configuration 1 Configuration 2
Storage Capacity 
(1 0 8  ac ft) 1 . 6  to 8 . 1 1 . 6  to 8 . 1
Mean Age (years) 3,100 to 30,800 1,500 to 41,300
Recharge Volume 
(1 0 4 ac ft/yr) 3.92 to 4.52 3.95
simulated during late Wisconsin time. Although the oldest mean age is associated 
with an alluvial cell, carbonate mean ages generally exceed alluvial mean ages.
Annual RVFS recharge ranges from 116,000 to 120,000 ac ft for the three 
flow scenarios. All of the Scenario 1 and 2 recharge is derived from RVFS precipi­
tation with the exception of 2,500 ac ft/yr of underflow from Little Fish Lake Val­
ley. Scenario 3 involves underflow of 10,000 ac ft/yr to the RVFS from Long and 
Jakes Valleys in the WRFS. The distribution of the SBRV between the carbonate 
and alluvial aquifers is shown in Tables 23 and 24. The Reconnaissance Reports 
estimate of RVFS recharge is about 104,000 ac ft/yr (Eakin, 1960; Rush and
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Everett, 1966; and Van Denburgh and Rush, 1974). Reconnaissance Report 
SBRVs are significantly less than the DSC model values for Newark, N. Little 
Smoky, and Railroad Valleys. Burbey and Prudic’s (1988) RVFS recharge esti­
mate is 121,000 ac ft/yr. In contrast to the DSC model, their underflow contribu­
tion from Little Fish Lake Valley is 10,000 ac ft/yr.
Because the DSC model of the RVFS is based upon constant cell volumes, 
system discharge equals system recharge. Evapotranspiration from the alluvial 
aquifers accounts for nearly 80% of the RVFS discharge. Newark, Hot Creek, and 
Railroad Valleys are the three significant alluvial discharge areas. Most of the 
remaining 20% leaves the system via regional springs that discharge about 25,000 
ac ft/y r from the carbonate aquifers. There is a net transfer of 14,000 ac ft/yr 
from the carbonate system to the alluvial system. A large portion of carbonate 
spring discharge and transfer of carbonate water to the alluvial aquifers occurs at 
the flow system terminus in central Railroad Valley. The discharge locations and 
volumes in this investigation are similar to those in the Reconnaissance Reports 
with the exception of ET in Railroad Valley. The DSC model value (72,000 ac 
ft/yr) is 16,000 ac ft/y r greater than that of Van Denburgh and Rush (1974). 
Burbey and Prudic (1988) estimated Railroad Valley ET at 82,000 ac ft/yr. Their 
RVFS carbonate spring discharge volume, however, is 6,000 ac ft/yr less than the 
Reconnaissance Report estimate used in the DSC model.
There are numerous possibilities regarding the source of discharge from 
RVFS carbonate springs. The DSC model results indicate that Fish Creek 
Springs (4,000 ac ft/yr) water originates in the largely carbonate Fish Creek 
Range. Rush and Everett (1966), however, speculated that roughly half of the 
springflow consists of underflow from Antelope Valley to the west. Big Warm 
Spring (10,000 ac ft/yr) in north-central Railroad Valley is the largest RVFS
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spring. Simulations with both cell configurations suggest that this springflow is a 
mixture of N. Little Smoky Valley and Newark Valley inflow and SBRV from the 
White Pine and Pancake Ranges. Underflow from Jakes and Long Valleys is also 
a possible component. This interpretation differs from that of Burbey and Prudic 
(1988), who suggested that all Big Warm Spring discharge consists of deep flow 
from Newark Valley. The lack of carbonate aquifer head information prevents 
detailed flow path delineation in this area.
A sensitivity analysis performed on cell Configuration 2, Scenario 1 deter­
mined which parameters have the greatest impact on model output and quantified 
the effects of input parameter error. Parameter perturbation was the method util­
ized. This analysis involved changing the SBRV or SBRC of a single cell and 
measuring the change in model output. The cell state and mean age of Railroad 
Valley alluvial cell 17 represent model output. Sensitivity analysis results show 
that significant error in SBRV estimates produces inaccurate mean ages but does 
not substantially impact cell states. Errors in SBRC estimates do not effect mean 
ages but yield erroneous cell states. Model output is most sensitive to inflow from 
cells close to the flow system terminus.
C onclusions
Although the limited availability of hydraulic and isotopic information pro­
duces input parameter uncertainty, the following conclusions can be made:
1. Annual RVFS volumetric flow is approximately 115,000 ac ft.
2. Minimum and maximum RVFS storage capacity estimates are 5.27 x 10
and 2.03 x 109 ac ft, respectively.
3. Results from the maximum cell volume simulations are probably closer to
reality.
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4. Subsurface inflows to Railroad Valley from adjacent RVFS valleys are on 
the order of 25,000 ac ft/yr. This figure is in contrast to the 3,000 ac ft/yr 
estimate of Van Denburgh and Rush (1974).
5. It is likely that several thousand ac ft/yr of groundwater enter northern 
RVFS valleys from the WRFS. Evidence for this statement is provided by 
Scenario 3 results, WRFS valley budgets, water chemistry analyses, and an 
alluvial hydraulic gradient from Long Valley to Newark Valley.
6. Central Railroad Valley offers significant potential for groundwater 
development. Roughly 70,000 ac ft/yr is discharged via ET from the alluvial 
aquifer and springs discharge an additional 18,000 ac ft/yr from the car­
bonate aquifer.
The non-unique nature of DSC model results is evident in this investigation. 
Three flow scenarios have been calibrated to two different cell configurations. 
Further refinement of RVFS parameters and flow paths will require an expanded 
data base and additional modeling.
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R E C O M M E N D A TIO N S FOR FUTURE RESEARCH
The following suggestions for future research provide an outline for verifying 
some of the DSC simulation results and improving the delineation of the RVFS:
1. The present hydraulic information on the RVFS carbonate aquifer is 
minimal. Head, transmissivity, porosity, and groundwater velocity estimates 
could be obtained from hydraulic tests in boreholes that penetrate carbonate 
rock. Boreholes in the Duckwater area of Railroad Valley would be especially 
useful for pinpointing the source of Big Warm Spring discharge and 
confirming the presence of underflow from the WRFS.
2. A wide range of RVFS aquifer storage capacities is presented in this inves­
tigation. The system storage capacity estimate could be improved with 
aquifer thickness information obtained from gravity profiles and other geo­
physical techniques.
3. Carbon-14 dating of RVFS groundwater could be used to determine 
residence times and enhance flow path delineation. Big Warm Spring 
discharge is the only RVFS water for which a corrected 14C age is available.
4. Repetitive sampling of the RVFS springs and wells used for SBRC is 
necessary to validate the isotopic recharge signature assumption.
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Appendix I. Springs and Wells Used for Configuration 1 Model Calibration
No.-Name Location SD  Cl Discharge Source 
Town.-Range permil mg/1 ac-ft/yr
Cell
Number
1) JR-7 23N 56E-36d -129 6.5 DRI 1
2) Simonson Warm Spg. 22N 56E-la -128 6.4 2000 DRI 2*
3) Barrel Spg. 20N 56E-26b -124 25.5 DRI 1
4) Goicoechea Well 19N 57E-19b -122 - DRI 1
5) JR-1 18N 55E-31ca -122 19.0 DRI 1
6) JR-2 18N 55E-8d -123 19.1 DRI 1
7) Lagori Well 18N 55E-14C -117 16.7 DRI 1
8) JR-14 17N 54E-31d -118 22.9 DRI 3
9) Fish Creek Spg. 16N 53E-8b -121 8.6 4000 DRI 4*
10) JR-16 16N 53E-30b -123 9.3 DRI 3
11)JR-17 15N 52E-35c -119 7.0 DRI 3
12) Green Spg. 15N 57E-33c -118 5.0 700 DRI 12*
13) Big Warm Spg. 13N 56E-32ba -120 8.0 10000 DRI 12*
14) Pritchard Spg. 11N 52E-19a -102 4.9 DRI 7
15) JR-38 11N 58E-30ca -119 23.2 DRI 10
16)JR-37 11N 58E-31a -113 10.3 DRI 10
17) JR-39 UN 56E-2b -118 17.3 DRI 10
18) JR-44 ION 57E-9c -110 19.6 DRI 11
19) JR-45 9N 56E-23d -116 14.1 DRI 11
20) Trap Spg. #3 9N 56E-34b -122 954.0 ASARCO (a) 14*
21) Trap Spg. #9 9N 56E-26bb -121 910.0 ASARCO 14*
22) Trap Spg. #16 9N 56E-23db -123 967.0 ASARCO 14*
23) Butterfield Spg. 8N 57E-27da -116 18.0 400 USGS 17*
24) Kate Spg. 8N 57E-14a -114 9.9 DRI 11
25) North Spg. 8N 55E-15a -121 10.4 300 DRI 14*
26) JR-32 7N 51E-19c -105 13.9 DRI 7
27) Chimney Hat Spg. 7N 55E-16d -120 10.9 150 DRI 14*
28) Bullwhacker Spg. 7N 57E-28a -113 94.1 DRI 11
29) Grant Canyon #1 7N 57E-21 -114 1200.0 ASARCO 17*
30) Bacon Flat #1 7N 57E-17c -114 1220.0 ASARCO 17*
31) Storm Spg. 6N 54E-lla -121 18.3 DRI 14*
32) JR-51 6N 56E-23c -108 3.1 DRI 13
33) JR-27 5N 51E-7b -106 7.1 DRI 7
34) Stone Corral Well 5N 54E-34d -114 19.1 DRI 11
35) JR-50 5N 56E-31b -103 70.1 DRI 16
36) Warm Spg. 4N 50E-20C -114 30.6 1000 DRI 6*
37) Joe’s Well 4N 51E-29c -109 15.4 DRI 8
38) JR-28 4N 51E-13a -112 9.8 DRI 8
39)JR-55 4N 53E-32a -106 368.0 DRI 15
40) JR-57 3N 53E-20a -115 24.7 DRI 11
41) JR-23 3N 50E-13c -107 9.3 DRI 8
42) Edan Ck. Ranch Spg. 2N 51E-36 -99 - DRI 9
43) JR-58 IN 53E-15a -114 23.2 DRI 11
44)JR-59 IN 53E-7a -118 364.0 DRI ii
45) Cedar Spg. 2S 52E-18c -101 - DRI 9
* =  carbonate cell
(a) ASARCO Inc., Reno, Nevada
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1) JR-7 23N 56E-36d -129 6.5 DRI 1
2) Simonson Warm Spg. 22N 56E-la -128 6.4 2000 DRI 2*
3) Barrel Spg. 20N 56E-26b -124 25.5 DRI 3
4) Goicoechea Well 19N 57E-19b -122 - DRI 3
5) JR-1 18N 55E-31ca -122 19.0 DRI 3
6) JR-2 18N 55E-8d -123 19.1 DRI 3
7) Lagori Well 18N 55E-14c -117 16.7 DRI 3
8) JR-14 17N 54E-31d -118 22.9 DRI 5
9) Fish Creek Spg. 16N 53E-8b -121 8.6 4000 DRI 6*
10) JR-16 16N 53E-30b -123 9.3 DRI 5
11) JR-17 15N 52E-35C -119 7.0 DRI 5
12) Green Spg. 15N 57E-33c -118 5.0 700 DRI 14*
13) Big Warm Spg. 13N 56E-32ba -120 8.0 10000 DRI 16*
14) Pritchard Spg. UN 52E-19a -102 4.9 DRI 9
15) JR-38 UN 58E-30ca -119 23.2 DRI 13
18) JR-37 UN 58E-31a -113 10.3 DRI 15
17) JR-39 UN 56E-2b -118 17.3 DRI 13
18) JR-44 10N 57E-9c -110 19.6 DRI 15
19) JR-45 9N 56E-23d -116 14.1 DRI 17
20) Trap Spg. #3 9N 56E-34b -122 954.0 ASARCO (a) 16*
21) Trap Spg. #9 9N 56E-26bb -121 910.0 ASARCO 16*
22) Trap Spg. #16 9N 56E-23db -123 967.0 ASARCO 16*
23) Butterfield Spg. 8N 57E-27da -116 18.0 400 USGS 19*
24) Kate Spg. 8N 57E-14a -114 9.9 DRI 17
25) North Spg. 8N 55E-15a -121 10.4 300 DRI 16*
28) JR-32 7N 51E-19C -105 13.9 DRI 9
27) Chimney Hat Spg. 7N 55E-16d -120 10.9 150 DRI 16*
28) Bullwhacker Spg. 7N 57E-28a -113 94.1 DRI 17
29) Grant Canyon #1 7N 57E-21 -114 1200.0 ASARCO 19*
30) Bacon Flat #1 7N 57E-17c -114 1220.0 ASARCO 19*
31) Storm Spg. 6N 54E-Ua -121 18.3 DRI 16*
32) JR-51 6N 56E-23c -108 3.1 DRI 18
33)JR-27 5N 51E-7b -106 7.1 DRI 9
34) Stone Corral Well 5N 54E-34d -114 19.1 DRI 17
35) JR-50 5N 56E-31b -103 70.1 DRI 21
36) Warm Spg. 4N 50E-20C -114 30.6 1000 DRI 10*
37) Joe’s Well 4N 51E-29c -109 15.4 DRI 11
38) JR-26 4N 51E-13a -112 9.8 DRI 11
39) JR-55 4N 53E-32a -106 368.0 DRI 20
40) JR-57 3N 53E-20a -115 24.7 DRI 17
41) JR-23 3N 50E-13C -107 9.3 DRI 11
42) Edan Ck. Ranch Spg. 2N 51E-36 -99 - DRI 12
43) JR-58 IN 53E-15a -114 23.2 DRI 17
44) JR-59 IN 53E-7a -118 364.0 DRI 17
45) Cedar Spg. 2S 52E-18C -101 - DRI 12
* =  carbonate cell
(a) ASARCO Inc., Reno, Nevada
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Appendix 3. Pre-Shift Model Parameters for Conf iguration 1 , 
Scenario 2  Maximum Volumes
Cell No. SBRV SBDV SBRC
(ac ft/yr) (ac ft/yr) (%) (permit)
1 13,800 13,000 8 8 -123
2 * 8,300 1,800 18 -125
3 9,000 1,900 2 1 -119
4* 6 , 0 0 0 3,900 32 -119
5 1,400 0 0 -109
6 * 1,500 1 , 0 0 0 24 -109
6 * 2,500 - - - 1 1 2
7 6 , 0 0 0 2,300 38 -105
8 2 , 0 0 0 2,300 42 -106
9 3,000 1 , 0 0 0 34 -98
1 0 15,100 7,000 39 -115
1 1 9,300 44,300 98 - 1 1 0
1 1 1,400 - - -103
1 2 * 1 1 , 0 0 0 1 2 , 0 0 0 64 -115
13 9,000 14,000 1 0 0 -108
14* 2,800 6 , 0 0 0 39 - 1 1 1
15 300 0 0 - 1 0 0
16 8 , 0 0 0 7,000 85 - 1 0 2
17* 7,100 0 0 - 1 1 0
Alluvial Total 78,300 92,800 - -
Carbonate Total 39,200 24,700 - -
RVFS Totals 117,500 117,500 - -
* =  carbonate cell
% =  percentage of total cell discharge tha t is S B D V
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Appendix 4. Shifted Model Parameters for Configuration 1 , 
Scenario 2  Maximum Volumes
Cell No. SBRV SBDV SBRC
(ac ft/yr) (ac ft/yr) (%) (permil)
1 20,700 19,500 8 8 -133
2 * 12,450 2,700 18 -135
3 13,500 2,850 2 1 -129
4 * 9,000 5,850 32 -129
5 2 , 1 0 0 0 0 -119
6 * 2,250 1,500 24 -119
6 * 3,750 - - - 1 2 2
7 9,000 3,450 38 -115
8 3,000 3,450 42 -116
9 4,500 1,500 34 -108
1 0 22,650 10,500 39 -125
1 1 13,950 66,450 98 - 1 2 0
1 1 2 , 1 0 0 - - -113
1 2 * 16,500 18,000 64 -125
13 13,500 2 1 , 0 0 0 1 0 0 -118
14* 4,200 9,000 39 - 1 2 1
15 450 0 0 - 1 1 0
16 1 2 , 0 0 0 10,500 85 - 1 1 2
17* 10,650 0 0 - 1 2 0
Alluvial Total 117,450 139,200 - -
Carbonate Total 58,800 37,050 - -
RVFS Totals 176,250 176,250 - -
* == carbonate cell
% =  percentage of total cell discharge that is S B D V
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Appendix 5• Pre-Shift Model Parameters for Conf iguration 1 , 
Scenario 2  Minimum Volumes
Cell No. SBRV SBDV SBRC
(ac ft/yr) (ac ft/yr) m (permil)
1 13,800 13,000 8 8 -124
2 * 8,300 1,800 18 -127
3 9,000 1,900 2 1 - 1 2 1
4 * 6 , 0 0 0 3,900 32 - 1 2 1
5 1,400 0 0 -106
6 * 1,500 1 , 0 0 0 24 -109
6 * 2,500 - - -113
7 6 , 0 0 0 2,300 38 -104
8 2 , 0 0 0 2,300 42 -106
9 3,000 1 , 0 0 0 34 - 1 0 0
1 0 15,100 7,000 39 -117
1 1 9,300 44,300 98 - 1 1 0
1 1 1,400 - - -103
1 2 * 1 1 , 0 0 0 1 2 , 0 0 0 64 -117
13 9,000 1 2 , 0 0 0 1 0 0 -107
14* 2,800 6 , 0 0 0 39 - 1 1 1
15 300 0 0 - 1 0 0
16 8 , 0 0 0 9,000 1 0 0 -103
17* 7,100 0 0 - 1 1 0
Alluvial Total 78,300 92,800 - -
Carbonate Total 39,200 24,700 - -
RVFS Totals 117,500 117,500 - -
* =  carbonate cell
% =  percentage of total cell discharge tha t is S B D V
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Appendix 6 . Shifted Model Parameters for Configuration 1 , 
Scenario 2  Minimum Volumes
Cell No. SBRV SBDV SBRC
(ac ft/yr) (ac ft/yr) (%) (permil)
1 20,700 19,500 8 8 -134
2 * 12,450 2,700 18 -137
3 13,500 2,850 2 1 -131
4 * 9,000 5,850 32 -131
5 2 , 1 0 0 0 0 -116
6 * 2,250 1,500 24 -119
6 * 3,750 - - -123
7 9,000 3,450 38 -114
8 3,000 3,450 42 -116
9 4,500 1,500 34 - 1 1 0
1 0 22,650 10,500 39 -127
1 1 13,950 66,450 98 - 1 2 0
1 1 2 , 1 0 0 - - -113
1 2 * 16,500 18,000 64 -127
13 13,500 18,000 1 0 0 -117
14* 4,200 9,000 39 - 1 2 1
15 450 0 0 - 1 1 0
16 1 2 , 0 0 0 13,500 1 0 0 -113
17* 10,650 0 0 - 1 2 0
Alluvial Total 117,450 139,200 - -
Carbonate Total 58,800 37,050 - -
RVFS Totals 176,250 176,250 - -
* =  carbonate cell
% =  percentage of to ta l cell discharge tha t is S B D V
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Appendix 7. Model Parameters for Configuration 1, Scenario 3
Cell No. SBRV SBDV SBRC
(ac ft/yr) (ac ft/yr) (%) (permil)
1 11,800 11,300 8 8 -124
2 * 7,300 2,300 18 -1279* 4,000 - - -126
3 9,000 1,900 2 1 - 1 2 1
4 * 6 , 0 0 0 3,900 32 - 1 2 1
5 1,400 0 0 -109
6 * 1,500 1 , 0 0 0 24 - 1 1 1
6 * 2,500 - - -114
7 6 , 0 0 0 2,300 38 -107
8 2 , 0 0 0 2,300 42 -106
9 3,000 1 , 0 0 0 34 - 1 0 0
1 0 13,600 6,800 39 -118
1 1 9,300 42,500 98 - 1 1 0
1 1 1,400 - - -103
1 2 * 8 , 0 0 0 16,600 64 -118
1 2 * 6 , 0 0 0 - - -124
13 9,000 1 2 , 2 0 0 1 0 0 -107
14* 2,800 7,000 39 - 1 1 1
15 300 0 0 - 1 0 0
16 8 , 0 0 0 8,900 1 0 0 -103
17* 7,100 0 0 - 1 1 0
Alluvial Total 74,800 89,200 - -
Carbonate Total 45,200 30,800 - -
RVFS Totals 1 2 0 , 0 0 0 1 2 0 , 0 0 0 - -
* =  carbonate cell
%  =  percentage of total cell discharge tha t is S B D V
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Appendix S'• Pre-Shift Model Parameters for Conf iguration 2 , 
Scenario 2  Maximum Volumes
Cell No. SBRV SBDV SBRC
(ac ft/yr) (ac ft/yr) (%) (permil)
1 2,500 2 , 0 0 0 80 -127
2 * 2 , 0 0 0 1,800 90 -127
3 11,300 13,000 1 0 0 - 1 2 2
4 * 6,500 0 0 -124
5 9,000 1,900 2 1 -118
6 * 6,500 3,900 31 -119
7 1,400 0 0 -109
8 * 500 0 0 -109
9 6 , 0 0 0 2 , 2 0 0 38 -104
1 0 * 1,500 1 , 0 0 0 24 -108
1 0 * 2,500 - - -115
1 1 3,000 2 , 0 0 0 35 -106
1 2 2 , 0 0 0 1 , 0 0 0 50 -98
13 1 2 , 0 0 0 4,000 34 -116
14* 1 1 , 0 0 0 700 5 -116
15 5,000 1 , 0 0 0 2 0 -109
16* 2 , 0 0 0 18,000 6 8 - 1 1 0
17 5,000 46,500 98 - 1 1 0
17 2 , 0 0 0 - - -103
18 9,000 8 , 0 0 0 67 -107
19* 7,000 0 0 - 1 1 0
2 0 300 0 0 - 1 0 0
2 1 8 , 0 0 0 9,000 1 0 0 - 1 0 2
Alluvial Total 76,500 90,600 - -
Carbonate Total 39,500 25,400 - -
RVFS Totals 116,000 116,000 - -
* =  carbonate cell
% =  percentage of total cell discharge tha t is S B D V
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Appendix 9. Shifted Model Parameters for Configuration 2 , 
Scenario 2  Maximum Volumes
Cell No. SBRV SBDV SBRC
(ac ft/yr) (ac ft/yr) (%) (permil)
1 3,750 3,000 80 -137
2 * 3,000 2,700 90 -137
3 16,950 19,500 1 0 0 -132
4 * 9,750 0 0 -134
5 13,500 2,850 2 1 -128
6 * 9,750 5,850 31 -129
7 2 , 1 0 0 0 0 -119
8 * 750 0 0 -119
9 9,000 3,300 38 -114
1 0 * 2,250 1,500 24 -118
1 0 * 3,750 - - -125
1 1 4,500 3,000 35 -116
1 2 3,000 1,500 50 -108
13 18,000 6 , 0 0 0 34 -126
14* 16,500 1,050 5 -126
15 7,500 1,500 2 0 -119
16* 3,000 27,000 6 8 - 1 2 0
17 7,500 69,750 98 - 1 2 0
17 3,000 - - -113
18 13,500 1 2 , 0 0 0 67 -117
19* 10,500 0 0 - 1 2 0
2 0 450 0 0 - 1 1 0
2 1 1 2 , 0 0 0 13,500 1 0 0 - 1 1 2
Alluvial Total 114,750 135,900 - -
Carbonate Total 59,250 38,100 - -
RVFS Totals 174,000 174,000 - -
* =  carbonate cell
% =  percentage of total cell discharge tha t is S B D V
y
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Appendix 1 Pre-Shift Model Parameters for Conf iguration 2 , 
Scenario 2  Minimum Volumes
Cell No. SBRV SBDV SBRC
(ac ft/yr) (ac ft/yr) (%) (permil)
1 2,500 2 , 0 0 0 80 -127
2 * 2 , 0 0 0 1,800 90 -127
3 11,300 13,000 1 0 0 -124
4 * 6,500 0 0 -124
5 9,000 1,900 2 1 - 1 2 1
6 * 6,500 3,900 32 - 1 2 1
7 1,400 0 0 -109
8 * 500 0 0 -109
9 6 , 0 0 0 2 , 2 0 0 38 -105
1 0 * 1,500 1 , 0 0 0 24 -108
1 0 * 2,500 - - -115
1 1 3,000 2 , 0 0 0 35 -106
1 2 2 , 0 0 0 1 , 0 0 0 50 -98
13 1 2 , 0 0 0 4,000 34 -118
14* 1 1 , 0 0 0 700 5 -118
15 5,000 1 , 0 0 0 2 0 -109
16* 2 , 0 0 0 18,500 6 8 - 1 1 0
17 5,000 46,000 98 - 1 1 0
17 2 , 0 0 0 - - -103
18 9,000 8 , 0 0 0 67 -107
19* 7,000 0 0 - 1 1 0
2 0 300 0 0 - 1 0 0
2 1 8 , 0 0 0 9,000 1 0 0 -103
Alluvial Total 76,500 90,600 - -
Carbonate Total 39,500 25,400 - -
RVFS Totals 116,000 116,000 - -
* =  carbonate cell
% — percentage of total cell discharge that is S B D V
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Appendix 11. Shifted Nlodel Parameters for Configuration 2, 
Scenario 2 Minimum Volumes
Cell No. SBRV SBDV SBRC
(ac ft/yr) (ac ft/yr) (%) (permil)1 3,750 3,000 80 -1372* 3,000 2,700 90 -137
3 16,950 19,500 100 -1344* 9,750 0 0 -134
5 13,500 2,850 21 -131
6* 9,750 5,850 31 -131
7 2,100 0 0 -119
8* 750 0 0 -119
9 9,000 3,300 38 -115
10* 2,250 1,500 24 -118
10* 3,750 - - -125
11 4,500 3,000 35 -116
12 3,000 1,500 50 -108
13 18,000 6,000 34 -128
14* 16,500 1,050 5 -128
15 7,500 1,500 20 -119
16* 3,000 27,750 68 -120
17 7,500 69,000 98 -120
17 3,000 - - -113
18 13,500 12,000 67 -117
19* 10,500 0 0 -120
20 450 0 0 -110
21 12,000 13,500 100 -113
Alluvial Total 114,750 135,900 - -
Carbonate Total 59,250 38,100 - -
RVFS Totals 174,000 174,000 - -
* =  carbonate cell
% =  percentage of to ta l cell discharge that is S B D V
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A p p e n d ix  12. M e d e l P a r a m e te r s  fo r  C o n f  ig u ra t io n  2, S ce n a r io  3
C e ll  N o . S B R V S B D V S B R C
(a c  f t / y r ) (a c  f t / y r ) ( % ) (p e r m il)
1 2 ,0 0 0 2 ,0 0 0 8 0 -1 2 8
2 * 1 ,000 1 ,800 6 0 -1 2 8
2 * 2 ,0 0 0 - - -1 2 6
3 9 ,0 0 0 10 ,700 100 -1 2 4
4 * 5 ,0 0 0 0 0 -1 2 4
4 * 2 ,0 0 0 - - -1 2 6
5 9 ,0 0 0 1 ,900 21 -1 2 1
6 * 6 ,5 0 0 3 ,9 0 0 31 -1 2 1
7 1 ,4 00 0 0 -1 0 9
8 * 50 0 0 0 -1 0 9
9 6 ,0 0 0 2 ,2 0 0 3 8 -1 0 8
10* 1 ,5 00 1 ,000 24 -1 0 8
10* 2 ,5 0 0 - - -1 1 5
11 3 ,0 0 0 2 ,0 0 0 3 5 -1 0 6
12 2 ,0 0 0 1,000 50 -1 0 0
13 10 ,0 0 0 3 ,4 0 0 3 4 -1 1 8
14* 8 ,5 0 0 800 4 -1 1 8
14* 6 ,0 0 0 - - -1 2 4
15 5 ,0 0 0 1 ,0 00 20 -1 0 9
16* 2 ,0 0 0 2 2 ,2 0 0 68 -1 1 0
17 5 ,0 0 0 4 5 ,1 0 0 9 8 -1 1 0
17 2 ,0 0 0 - - -1 0 3
18 9 ,0 0 0 8 ,3 0 0 67 -1 0 7
19* 7 ,0 0 0 0 0 -1 1 0
20 3 0 0 0 0 -1 0 0
21 8 ,0 0 0 8 ,9 0 0 100 -1 0 3
A l lu v ia l  T o t a l 7 6 ,7 0 0 8 6 ,5 0 0 - -
C a r b o n a t e  T o t a l 3 9 ,5 0 0 2 9 ,7 0 0 - -
R V F S  T o t a ls 1 1 6 ,2 0 0 11 6 ,20 0 - -
* =  carbonate cell
% =  percentage of total cell discharge that is S B D V
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A p p e n d ix  13 S p r in g s  a n d  W e lls  U sed  fo r  C o n f ig u ra t io n  1 S B R C  V a lu e s
N o . -N a m e  L o c a t io n  SD  C l S o u rce  C e ll
T o w n .-R a n g e  p erm il m g /1  N u m b e r
1) C o ld  S p g . 2 3 N  5 5 E -2 6 b -1 2 4 6 0 D R I 1,2*
2 ) A l l ig a t o r  R id g e  W e ll 2 2 N  5 7 E -2 5 c c -1 2 7 6 .7 U S G S 1,2*
3 ) M o o r e  S p g . 2 2 N  5 6 E -3 6 d b -1 2 0 10 .7 D R I 1,2*
4 ) J R -9 2 1 N  5 6 E -2 2 a -1 2 4 5 .9 D R I 1 ,2*
5 ) J R -4 2 0 N  5 5 E -4 a -1 2 0 1.0 D R I 1
6 ) J R -3 1 8 N  5 5 E -6 c -1 2 5 3 .4 D R I 1 ,3 ,4*
7 ) J R - 13 1 8 N  5 4 E -6 c -1 1 7 5 .0 D R I 3 ,4 *
8 ) S a n d  S p g . 1 7 N  5 8 E -2 1 b -1 2 3 - U S G S 1,2*
9 ) J R -6 2 1 7 N  5 8 E -3 2 a -1 2 1 11.2 D R I 10 ,12*
10) S n o w b a l l  S p g . 1 4 N  5 lE -3 5 d -1 1 8 4 .6 D R I 3
11) B ir c h  S p g . 1 4 N  5 7 E -2 2 a -1 1 5 22 .7 D R I 10
12 ) Y o u n g  F l o r i o  S p g . 1 3 N  5 5 E -9 b -1 1 0 13.9 D R I 10
13 ) S a d d le  S p g . 1 3 N  5 8 E -2 4 b -1 1 6 3 .1 U S G S 10 ,12*
14) M a r tU le t i  S p g . 1 1 N 5 5 E -1 7 C -1 0 5 12 .7 D R I 5
15 ) S e c r e t  S p g . 1 1 N  5 9 E - l c d -1 0 9 10 .0 D R I 1 0 ,1 2 * ,1 4 *
16 ) S u m m it  S p g . 1 1 N  5 9 E - l l d -1 0 9 14 .4 D R I 1 0 ,1 2 * ,1 4 *
17 ) I n d ia n  S p g . 1 1 N  5 6 E -3 1 b -1 1 0 - D R I 4 * .5
18) N . 6 -M ile  C a n y o n  S p g . IO N  5 0 E -3 5 d -1 0 8 1 .6 D R I 7
19) H o t  S p g . 8 N  50 E -29C -1 1 1 20 .1 D R I 6 * ,7
2 0 )  A lb e r t  S p g . 8 N  5 9 E -8 -1 0 7 - U S G S 11 ,14*
2 1 ) T y b o  S p g . 6 N  4 9 E -2 3 a -1 0 4 6 .7 D R I 6 * ,7
2 2 ) M u d  S p g . 6 N  5 7 E -3 a -1 0 9 22 .2 D R I 1 1 ,1 3 ,1 7 *
2 3 ) B ig  S p g . 6 N  5 8 E -7 a -1 1 2 - U S G S 13 ,17*
2 4 )  O x  S p g . 5 N  5 7 E -3 0 b -1 0 5 5 .5 D R I 13 ,17*
2 5 )  G r o u s e  S p g . 4 N  5 5 E -2 5 b -1 0 1 5 .1 D R I 11 ,16
2 6 ) L r . L t l .  C h r y  C k . S p g . 4 N  5 6 E -3 5 -1 0 3 - U S G S 1 1 ,1 6 ,1 7 *
2 7 ) J R -2 4 2 N  50E -21C -1 0 7 5 .7 D R I 8
2 8 ) R e v e i l le  S p g . 2 N  5 2 E -7 c -9 7 10 .3 D R I 9 ,1 5
2 9 ) G e o r g e s  W a t e r  S p g . IS  5 0 E -1 2 a -9 8 - D R I 9
* =  carbonate cell
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A p p e n d ix  14. 
N o . -N a m e
S p r in g s  a n d  W e lls  U sed  fo r  C o n f ig u ra t io n  2 S B R C  V a lu e s
L o c a t io n  ®  C l S o u rce  
T o w n .-R a n g e  p erm il m g /1
C ell
N u m b e r
1) C o ld  S p g . 2 3 N  5 5 E -2 6 b -1 2 4 6 .0 D R I 1,2*
2 ) A l l ig a t o r  R id g e  W e ll 2 2 N  5 7 E -2 5 cc -1 2 7 6 .7 U S G S 1,2*
3 )  M o o r e  S p g . 2 2 N  5 6 E -3 6 d b -1 2 0 10.7 D R I 3 ,4 *
4 ) J R -9 2 I N  5 6 E -2 2 a -1 2 4 5 .9 D R I 3 ,4 *
5 ) J R -4 2 0 N  5 5 E -4 a -1 2 0 1.0 D R I 3
6 ) J R -3 1 8 N  5 5 E -6 c -1 2 5 3 .4 D R I 3 ,5 ,6 *
7 ) J R - 13 1 8 N  5 4 E -6 c -1 1 7 5 .0 D R I 5 ,6 *
8 ) S a n d  S p g . 1 7 N  5 8 E -2 1 b -1 2 3 - U S G S 3 ,4 *
9 ) J R -6 2 1 7 N  5 8 E -3 2 a -1 2 1 11.2 D R I 13 ,14*
10) S n o w b a l l  S p g . 1 4 N  5 lE -3 5 d -1 1 8 4 .6 D R I 5
11) B ir c h  S p g . 1 4 N  5 7 E -2 2 a -1 1 5 22 .7 D R I 13
12) Y o u n g  F lo r i o  S p g . 1 3 N  5 5 E -9 b -1 1 0 13.9 D R I 13
13) S a d d le  S p g . 1 3 N  5 8 E -2 4 b -1 1 6 3 .1 U S G S 13 ,14*
14) M a r t i l le t i  S p g . 1 1 N  55E -17C -1 0 5 12.7 D R I 7
15) S e c re t  S p g . 1 1 N  5 9 E - l c d -1 0 9 10 .0 D R I 14* ,15
16 ) S u m m it  S p g . 1 1 N  5 9 E - l l d -1 0 9 14.4 D R I 14* ,15
17 ) In d ia n  S p g . 1 1 N  5 6 E -3 1 b -1 1 0 - D R I 7 ,8 * ,1 6 *
18) N . 6 -M ile  C a n y o n  S p g . IO N  5 0 E -3 5 d -1 0 8 1.6 D R I 9
19) H o t  S p g . 8 N  5 0 E -2 9 c -1 1 1 20 .1 D R I 9 ,1 0 *
2 0 )  A lb e r t  S p g . 8 N  5 9 E -8 -1 0 7 - U S G S 1 6 * ,1 7 ,1 9 *
2 1 ) T y b o  S p g . 6 N  4 9 E -2 3 a -1 0 4 6 .7 D R I 9 ,1 0 *
2 2 ) M u d  S p g . 6 N  5 7 E -3 a -1 0 9 22 .2 D R I 17 ,19*
2 3 ) B ig  S p g . 6 N  5 8 E -7 a -1 1 2 - U S G S 18 ,19*
2 4 ) O x  S p g . 5 N  5 7 E -3 0 b -1 0 5 5 .5 D R I 18 ,19*
2 5 )  G r o u s e  S p g . 4 N  5 5 E -2 5 b -1 0 1 5 .1 D R I 17,21
2 6 ) L r . L t l . C h r y  C k . S p g . 4 N  5 6 E -3 5 -1 0 3 - U S G S 1 7 ,1 9 * ,2 1
2 7 ) J R -2 4 2 N  50E -21C -1 0 7 5 .7 D R I 11
2 8 ) R e v e i l le  S p g . 2 N  5 2 E -7 c -9 7 10 .3 D R I 12 ,20
2 9 )  G e o r g e s  W a t e r  S p g . IS  5 0 E -1 2 a -9 8 - D R I 12
* c a r b o n a t e  ce ll
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A p p e n d i :4 15 . F lo w  R o u t in g  fo r  C o n f ig u ra t io n  1, S ce n a r io  2 M a x im u m  V o lu m e s
D is c h a r g in g R e c e iv in g D isch a rg e P r e -S h ift S h ifte d
C e ll C e ll P e rce n ta g e  (a ) D is ch a rg e D isch a rg e
(a c  f t / y r ) (a c  f t / y r )
3 1 15 1 ,300 2 ,0 0 0
3 4* 64 5 ,8 0 0 8 ,7 0 0
1 2* 12 1,800 2 ,7 0 0
2 * 10 30 3 ,0 0 0 4 ,5 0 0
2 * 12* 52 5 ,3 0 0 8 ,0 0 0
4 * 12* 20 2 ,4 0 0 3 ,6 0 0
4 * 14* 48 5 ,6 0 0 8 ,4 0 0
10 11 61 11 ,1 0 0 16 ,700
6* 11 13 500 7 5 0
6 * 8 63 2 ,5 0 0 3 ,8 0 0
9 8 33 1 ,000 1,500
9 11 33 1 ,000 1,500
12* 14* 36 6 ,7 0 0 10 ,100
14* 17* 31 4 ,7 0 0 7 ,1 0 0
1 4 * 11 30 4 ,5 0 0 6 ,8 0 0
8 11 58 3 ,2 0 0 4 ,8 0 0
7 5 62 3 ,7 0 0 5 ,6 00
5 15 29 1 ,500 2 ,3 0 0
5 11 71 3 ,6 0 0 5 ,4 0 0
15 11 100 1 ,800 2 ,7 0 0
17* 11 75 8 ,9 0 0 13 ,400
17 * 13 25 3 ,0 0 0 4 ,5 0 0
11 16 2 90 0 1,400
16 13 15 1 ,300 2 ,0 0 0
T o t a ls - - 8 5 ,1 0 0 12 8 ,2 5 0
* =  c a r b o n a t e  ce ll
(a )  p e r c e n t a g e  o f  t o t a l  ce ll d is c h a r g e  r o u t e d  t o  d o w n s tr e a m  cells
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Appendix 16. Flow Routing for Configuration 1 , Scenario 3
Discharging Receiving Discharge Discharge
Cell Cell Percentage (a) (ac ft/yr)
3 1 1 1 1 , 0 0 0
3 4* 6 8 6 , 1 0 0
1 2 * 1 2 1,500
2 * 1 0 30 3,800
2 * 1 2 * 52 6,700
4* 1 2 * 2 0 2,400
4* 14* 48 5,800
1 0 1 1 61 10,600
6 * 1 1 13 500
6 * 8 63 2,500
9 8 33 1 , 0 0 0
9 1 1 33 1 , 0 0 0
1 2 * 14* 36 9,400
14* 17* 31 5,600
14* 1 1 30 5,400
8 1 1 58 3,200
7 5 62 3,700
5 1 2 * 59 3,000
5 15 29 1,500
5 1 1 1 2 600
15 1 1 1 0 0 1,800
17* 1 1 75 9,500
17* 13 25 3,200
1 1 16 o 1 , 0 0 0
Total - - 90,800
* =  carbonate cell
(a) percentage of total cell discharge routed to downstream cells
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A p p e n d i K 1 7 ' F lo w  R o u t in g  fo r  C o n f ig u ra t io n  2, S ce n a r io  2 M in im u m  V o lu m e s
D is c h a r g in g
C e ll
R e c e iv in g
C e ll
D is ch a rg e  
P e rce n ta g e  (a )
P re -S h ift  
D is ch a rg e  
(a c  f t / y r )
S h if te d  
D is ch a rg e  
(a c  f t / y r )
1 3 2 0 5 0 0 75 0
2 * 4* 10 20 0 3 0 0
4 * 14* 4 0 2 ,0 0 0 3 ,0 0 0
4 * 16* 60 3 ,0 0 0 4 ,5 0 0
5 3 13 1 ,2 00 1,800
5 6* 66 5 ,9 0 0 8 ,9 0 0
6* 8* 16 2 ,0 0 0 3 ,0 0 0
6 * 16* 52 6 ,5 0 0 9 ,8 0 0
9 7 45 2 ,7 0 0 4 ,1 0 0
9 20 17 1 ,0 00 1 ,500
7 8* 9 0 3 ,6 0 0 5 ,4 0 0
7 2 0 10 50 0 7 5 0
8 * 16* 28 1 ,700 2 ,6 0 0
8 * 17 72 4 ,5 0 0 6 ,8 0 0
14* 16* 95 12 ,4 0 0 1 8 ,600
1 6 * 17 16 4 ,4 0 0 6 ,6 0 0
16* 19* 16 4 ,4 0 0 6 ,6 0 0
10* 11 63 2 ,5 0 0 3 ,7 5 0
10* 17 13 5 0 0 75 0
12 17 5 0 1 ,0 00 1,500
11 17 65 3 ,6 0 0 5 ,4 0 0
1 9 * 17 7 3 8 ,4 0 0 1 2 ,600
1 9 * 18 2 7 3 ,1 0 0 4 ,7 0 0
13 17 66 8 ,0 0 0 1 2 ,000
15 17 8 0 4 ,0 0 0 6 ,0 0 0
18 17 3 3 4 ,0 0 0 6 ,0 0 0
2 0 17 100 1 ,7 0 0 2 ,6 0 0
17 21 2 1 ,0 00 1 ,5 00
T o t a l s - - 9 4 ,3 0 0 1 4 1 ,8 0 0
* =  carbonate cell
(a) percentage of total cell discharge routed to downstream cells
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A p p e n d ix  18. F lo w  R o u t in g  fo r  C o n f ig u ra t io n  2, S ce n a r io  3
D is c h a r g in g R e c e iv in g D isch a rg e D isch a rg e
C e ll C ell P e r c e n ta g e  (a ) (a c  f t / y r )
2* 4 * 23 70 0
2* 1 17 50 0
1 3 20 50 0
4* 14* 40 3 ,1 0 0
4* 16* 60 4 ,7 0 0
5 3 13 1 ,2 00
5 6* 66 5 ,9 0 0
6* 8 * 24 3 ,0 0 0
6* 16* 45 5 ,5 0 0
9 7 62 3 ,7 0 0
7 8 * 71 3 ,6 0 0
7 20 29 1 ,5 00
8* 16* 2 8 2 ,0 0 0
8 * 17 72 5 ,1 0 0
15 14* 4 0 2 ,0 0 0
15 17 40 2 ,0 0 0
14* 16* 9 6 1 8 ,8 0 0
16* 17 16 5 ,3 0 0
16* 19* 16 5 ,3 0 0
10* 11 63 2 ,5 0 0
10* 17 13 50 0
12 17 50 1 ,0 00
11 17 65 3 ,6 0 0
19* 17 7 3 9 ,0 0 0
19* 18 27 3 ,3 0 0
13 17 66 6 ,6 0 0
18 17 3 3 4 ,0 0 0
2 0 17 100 1 ,8 00
17 21 2 1 ,0 0 0
T o t a l - - 1 0 7 ,7 0 0
* =  carbonate cell
(a) percentage of total cell discharge routed to downstream cells
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DISCRETE STATE COMPARTMENT MODEL (DSCM) BY MICHAEL E. CAMPANA, 
WATER RESOURCES CENTER, DESERT RESEARCH INSTITUTE, P.O. BOX 60220 RENO, NEVADA, 89506.
As currently dimensioned, this program can model a system of up 
to 100 cells, all of which can receive multiple inputs from 
outside the DSCM. The program requires a constant iteration 
interval (DELT), while subroutines MAGEVO and MAGEIM also require 
constant volume (IVOL = 0) DSCMs; additionally, no exchanges can 
occur when using MAGEVO, and radioactive decay must be set to 1 
(HALF = 0) when using MAGEIM. Age and cumulative-age 
distributions are calculated in subroutine MAGEIM. Cell volumes 
and system boundary recharge and discharge volumes (SBRV and SBDV, 
respectively) must be in consistent units. To redimension arrays, 
change required variables listed in the PARAMETER statement, and 
recompile the program.















when cumulative concentration value (calculated in 
subroutine MAGEIM) equals or exceeds minimum area under 
normal curve specified by AREA, mean and variance is 
calculated for that cell.
real time (date) at time = 0. Otherwise, read in 0.0. 
NOTE: any time units can be used as long as consistency 
is maintained throughout the program.
real (constant) time between iterations (must be greater 
than zero).
half-life of radioactive tracer. If radioactive decay 
is not to be considered, or subroutine MAGEIM is used to 
calculate age distributions, set HALF = 0.0. 
total number of cells receiving inputs from outside the 
DSCM (boundary cells). These cells must be numbered 
position locator representing value in column 1 
(discharging cell) in specified row of array ROUTEF. 
position locator representing value in column 2 
(receiving cell) in specified row of array ROUTEF. 
position locator representing value in column 3 
(fraction of total output from discharging cell to 
receiving cell) in specified row of array ROUTEF. 
change (delta) in system recharge concentrations; 
position locator for array SBRC, varies from 1 to NUMCON. 
change (delta) in system recharge volumes; position 
locator for array SBRV, varies from 1 to NUMVOL. 
number of pairs of discharging/receiving cells in the 
DSCM, and total number of rows in array ROUTEF; if flow 
does not occur, IFPAIR = 0.
0 if modeling solute transport;
1 if modeling heat transport.total number of iterations at which data printouts are 
desired. If printouts are desired at each iteration, 
set IPRTOT = -1 (used only when MAGE = 0). 
























































istprt 0 if cell states are to be printed out in mass/energy units;
1 if cell states are to be printed out in concentration units.
istrd - 0 if initial cell states are to be read in as 
mass/energy units;
1 if initial cell states are to be read in as 
concentration units.
itemp - temporary assignment variable; equal to IC0L1 or IC0L2 in 
subroutines VOLEAC and MIX. 
itype - 0 for the modified mixing cell (MMC) ;
1 for the simple mixing cell (SMC). All cells in the 
DSCM must be of similar ITYPE. 
ivol - 0 for steady volume regime;
1 for non-steady volume regime as modeled by a linear, 
time-invariant reservoir algorithm, 
ixcell - number of cells undergoing exchange; if no cells undergo 
exchange in the DSCM, IXCELL = 0. 
ixpair - number of PAIRS of exchanging cells in the DSCM; total 
number of rows in array ROUTEX (set IXPAIR = 0 if 
exchanges do not occur).
jcoll - position locator representing value in column 1 (exchange 
cell) in specified row of array ROUTEX. 
jcol2 - position locator representing value in column 2 (exchange 
cell) in specified row of array ROUTEX. 
xcol3 - position locator representing value in column 3 (percent 
volume of cell in column 1 exchanged with cell in column 
2) in specified row of array ROUTEX. 
mage - 0 if model is being calibrated;
1 if age distribution, cumulative age distribution, and 
mean ages and variances are to be calculated by the 
impulse-response method (subroutine MAGEIM). 
mvol - 0 if model is being calibrated (MAGE = 0) and, in
addition, mean ages (calculated by the volume method in 
subroutine MAGEVO) are requested;
1 if model is being calibrated and mean ages are not 
requested (MVOL MUST be set to 1 if radioactive decay is 
modeled) .
ncell - total number of cells in the DSCM.
nit - iteration counter in main program; varies from 1 to 
nittot.
nittot - total number of iterations.
numcel - number of cells for which concentration- and cumulative 
concentration-versus-time distributions are to be 
calculated (MAGE = 1); number of cells cannot exceed 6 
(if MAGE = 0, NUMCEL = 0) .
numcon - total number of different system boundary recharge
concentration (SERC) data sets, including the initial 
data set. If the same SBRC data set is to be used at 
each iteration (steady concentration simulation), set 
NUMCON = 1. I f a new SBRC data set is to be used at EACH 
iteration, set NUMCON = -1.
EX: if SBRC inputs change on iteration numbers 100 and 
1000, NUMCON = 3 (includes initial data set).
NOTE: Eor calculation of age distributions using the 
subroutine MAGEIM (MAGE = 1) , enter two data sets: the
104
>nof
first data set contains a unit concentration value (1) 
l°r each SBR input, and the second data set contains 
zeros for each SBR input (NUMCON = 2) ; corresponding 
iteration numbers at which concentration values change
* are iterations 1 and 2 (array NOSBRC).
* numvol - total number of different system boundary recharge volume
(SBRV) data sets, including the initial data set. If 
the same SBRV data set is to be used at each iteration 
(steady volume simulation) , set NUMVOL = 1. If a new 
SBRV data set is to be used at each iteration, set NUMVOL
* =  - 1 .
NOTE: For calculation of age distributions using the 
subroutine MAGEIM (MAGE = 1) , enter only one data set
* consisting of the calibrated SBRVs for each SBR cell
* (NUMVOL = 1) .
* ratio - concentration in any cell at end of iteration i (when
* using the impulse-response subroutine MAGEIM).














































- used in subroutine FLOW to check total output from 
discharging cell; if output from a given cell is not 100 
percent of specified discharge, an error message is 
printed and the program is terminated.
- discharge concentration for each cell at end of every 
iteration used in PRINT1 subroutine.
- total volume discharged from cell at specified 
iteration (BDV calculated only after all cell inputs are 
accounted for).
- volumetric input to receiving cell from discharging cell.
- any output discharging from a cell that does not flow to 
another cell is assumed to discharge outside the DSCM.
The fraction of volumetric output from each cell that is 
discharged outside the DSCM should be entered in array 
DISVOL (values range from 0. to 1.) .
EX: If 25 percent of the output from cell J is discharged 
outside the DSCM, DISVOL(J) contains (.25).
NOTE: Make sure that each cell discharges exactly 100 
percent of its output (ignore any exchanges) to other 
cells and/or outside the DSCM.
- contains cell numbers for which concentration- and 
cumulative concentration-versus-time distributions are 
to be calculated (column 1), and the associated cell 
concentration and cumulative concentration at the 
specified iteration number (columns 2 and 3, 
respectively); NUMCEL x 3 array, where the maximum value 
of numcel is 6.
- linear reservoir storage parameter (time) used in 
non-steady volume simulations; only one value of FAC may 
be specified per cell. If cell J has a constant volume, 
or cell J undergoes exchange only, FAC(J) = 0.0.
- indicator variable in subroutine MAGEIM used to determine 
number of entries for each cell in array CELAGE.
- 2D array; contains the cell numbers that undergo exchange 














reset to a constant value after the exchange has occured 
(EX: any cell representative of a constant heat or solute 
source), place a 1 in the second column; otherwise place a 0 in the second column.
ID array containing the number of recharge inputs 
associated with each system boundary recharge cell 
(cells receiving inputs from outside the DSCM). Once 
specified, the number of inputs must remain constant for 
each cell; if the input value of one source drops to 
zero at a given iteration, specify 0.0 as the value for 
that source. System boundary recharge cells are 
numbered consecutively from 1 to IBCELL.
- counter variable indicating the number of system 
boundary recharge (sbr) and flow inputs for receiving 
cells; when INCNTE = NOINPT for any cell J, the contents 
of cell J are mixed in subroutines VOLFAC and MIX.
- counter variable indicating the number of exchange inputs 
to a given cell.
- indicator variable for discharging cells. If IOUTCT = 0, 
contents of cell are mixed in subroutines VOLFAC and MIX 
prior to discharge to receiving cells or outside of DSCM. 
If IOUTCT = 1, cell contents are already mixed and 
subroutines VOLFAC and MIX are not called prior to cell 
discharge.
- stores specific iteration numbers (in ascending order) 
at which printouts are desired (IPRTOT.gt.O, and MAGE =0) .
- 2D array storing 1) the number of system boundary 
recharge (in the case of boundary recharge cells) and 
flow inputs; and 2) the number of exchange inputs, in 
columns one and two, respectively, for all cells in the 
DSCM.
- stores specific iteration numbers (in ascending order) 
at which changes in system boundary recharge 
concentrations (array SBRC) are to be made (NUMCON > 1) . 
NOTE: For calculation of age distributions using the 
subroutine MAGEIM (MAGE = 1), the data set will consist 
of: 1 2 (NUMCON = 2) .
- stores specific iteration numbers (in ascending order) 
at which changes in system boundary recharge volumes 
(array SBRV) are to be made (NUMVOL > 1).
- 2D array storing system boundary recharge concentrations 
in simulations with non-steady recharge concentrations 
across the DSCM boundary; the ID array SBRC stores 
recharge concentrations in steady-recharge concentration 
simulations.
- 2D array storing system boundary recharge volumes in 
simulations with non-steady recharge volumes across the 
DSCM boundary; the ID array SBRV stores recharge volumes 
in steady-recharge volume simulations.
- ID array used to calculate mean groundwater age of cell 
(subroutine MAGEIM).- ]_d array used to calculate variance of mean groundwater 
ages for given cell (subroutine MAGEIM).
- describes flow paths among the cells of the DSCM (IFPAIR 




























































column and the cell receiving the discharge is placed in 
the second column; the fraction of total output from the 
discharging cell (column 1) that flows to the receiving 
cell (column 2) is listed in the third column 
(.gt.O.and.le.l).
EX: If in row J cell 3 discharges 40 percent of its total 
discharge to cell 8, then ROUTEF (J) contains (3,8,.4). 
NOTE: Before a cell can discharge its contents, all 
inputs to that cell must be listed. If, for example, 
cell 3, which flows to cell 8, receives inputs from 
cells 1 and 2, the triplets (l,3,x) and (2,3,x) must be 
listed in ROUTEE before (3,8,x).
routex - describes exchanges between cells; all exchanges at given 
iteration are calculated PRIOR to analyzing flow in the 
system. Columns 1 and 2 contain the exchange cell 
numbers, while the decimal volume exchanged between cells 
is listed in column 3 (.gt.0.and.le.1) ; the percent 
volume exchanged is based on the total volume of the cell 
listed in column 1. After EACH exchange is calculated, 
new states for the two cells in row J are computed prior 
to advancing to the J+l row; therefore, if a cell 
undergoes exchange with more than 1 cell, the order of 
exchanges for the cell must be based on knowledge of the 
physical system.
EX: If in row J cell 3 and cell 8 exchange equal volumes 
of water equivalent to 20 percent of the total volume of 
cell 3, then ROUTEX(J) contains (3,8,.2).
NOTE: If the % volume exchanged from cell 1 is greater 
than the total volume of cell 2, a negative exchange 
value would result. To prevent this, an error message is 
printed and the program is stopped.
sbdv - stores calculated volumes discharged by respective cells 
outside of the DSCM (= DISVOL(J)*BDV(J)).
sbrc - ID array storing system boundary recharge concentrations 
in steady-recharge concentration simulations; only cells 
numbered 1 through IBCELL receive recharge concentrations 
from outside the DSCM. All values in array SBRC MUST be 
in concentration units, and units must be equivalent to 
those stored in array STATEI (if ISTRD = 0, then units 
calculated from STATEI(E)/VOLINT(F) must be equivalent to 
those in array SBRC). The array consists of all SBRC 
values for first cell #1, and then all input values for 
cell #2, etc., from 1 to IBCELL.
sbrv - ID array storing system boundary recharge volumes in
steady-recharge volume simulations; only cells numbered 
1 through IBCELL receive recharge volumes from outside 
the DSCM. The array consists of all SBRV values for 
first cell #1, and then all input values for cell #2, 
etc., from 1 to IBCELL. Arrays SBRC and SBRV must be of 
identical length.sdmhti - stores initial solid mass heat capacity for each cell 
in the DSCM; cell mass heat capacities are used in 
place of cell volumes when simulating heat flow; equal 
to the product of the cell volume, 1 - porosity, 






















































stores final concentration or mass/energy values for each 
cell in the DSCM at conclusion of each iteration, 
stores concentration (ISTRD = 1) or mass/energy (ISTRD = 
0) values for all cells in the DSCM at beginning of each iteration.
stores cumulative concentrations for all cells at end of 
each iteration (must use impulse-response subroutine 
MAGEIM); used in calculation of mean groundwater ages and variances.
stores cumulative mass from sbr and flow inputs (not 
influenced by exchanges) entering a cell at any given 
iteration; reset to 0 at end of each iteration, 
stores cumulative mass exiting (discharging) from a cell 
at any given iteration; reset to 0 at end of each 
iteration.
stores variance of groundwater ages for each cell in 
DSCM; calculated after convergence of respective 
concentration-versus-time distribution (used only in the 
MAGEIM subroutine).
stores final volume for each cell in the DSCM at 
completion of each iteration.
stores initial volume for each cell in the DSCM at 
beginning of each iteration.
stores threshold volumes for all non-steady volume 
(IVOL = 1) cells. A cell will not be allowed to 
discharge until its volume exceeds the threshold volume. 
If no threshold value is desired for cell J, VOLMIN(J) = 
0 . 0 .
stores initial water mass heat capacity for each cell 
in the DSCM; cell mass heat capacities are used in 
place of cell volumes when simulating heat flow; equal 
to the product of the cell volume, porosity, density 
of the water and specific heat of water, 
stores mean groundwater age for each cell in DSCM (used 
in both MAGEIM and MAGEVO subroutines).
cumulative mass entering a given cell due to volumetric 
exchange with another cell.
cumulative mass exiting a given cell due to volumetric 
exchange with another cell.
stores total volume of exchange for each cell at each 
iteration.
TYPE DECLARATION AND STORAGE BLOCK
parameter (idiml=100,idim2=50, area-0.9999) 
character
integer icelll(idiml),icell2 (idiml),jcelll(idiml),jcell2(idiml) 
dimension incell (idiml) , incntx (idiml) , iprint (idiml) , 
nosbrc (idiml) ,nosbrv (idiml) , reconc (idim2, idiml) , 
revol (idim2, idiml) , sbrc (idiml)
common/A/amtout (idiml) , bdc (idiml) , bdv (idiml) , brv (idiml) ,
disvol (idiml) , dstrib (6,3) , fac (idiml) , icheck (idiml) ,
iexchj (idiml, 2) , incntf (idiml) , ioutct (idiml) ,noinpt (idiml, 2) ,
rnuml (idiml) , rnum2 (idiml) , routef (idiml, 3) , routex (idiml, 3) ,
sbdv (idiml) , sbrv (idiml) , sdmhti (idiml) , statef (idiml) , statei (idiml) ,




















var (idiml) , volfin (idiml) , volint (idiml) , volmin (idiml) , 
wtmhti (idiml) , xmage (idiml) ,xmassi (idiml) ,xmasso (idiml) xvltot(idiml)
common/B/date,delt, ibcell, icksum, ickvo, icoll, icol2, irow, iheat, 
istprt, itemp, itype, ixcell, jcoll, jcol2,xcol3,ncell,nit,nittot, numcel,ivol,icntr,ifpair 
common/C/tmunit
Read in values for non-array variables; variable TMUNIT is a 
character string of up to 6 letters describing the time units 
used in simulation (place in single quotes).
read(5,*) mvol,iheat
read(5, *) ncell, ibcell, ixcell,nittot, ifpair, ixpair,numvol,numcon 
read(5,*) mage,itype,ivol,istprt,istrd,iprtot,numcel 
if ((numcel. gt. 6) . or. ((numcel. gt. 0) . and. (mage.eq. 0))) then 
write (6,*) 'Error: number of cells for which concentration-',
' and cumulative concentration-versus-time distributions',
' are to be calculated can not exceed 6, and MAGE must be',
' set to 1.' 
stop 
endif
i f (numcel.gt.0) then 
do 20 i=l,numcel 
do 10 j=l,3












* If NUMCEL > 0, enter the cell numbers for which concentration-
* and cumulative concentration-versus-time distributions are to be
* made.
k
if (numcel.gt.0) read(5,*) (real(dstrib(i,1)),i=l,numcel)*
* If non-steady volume simulation, enter one storage parameter
* value for each cell; if cell J has a constant specified volume,
* EAC(J) =0.0.*
if (ivol.eq.l) read(5,*) (fac(i),i=T,ncell)
k
* If SBRV values are not constant, enter iteration numbers (in
* increasing order) at which changes in SBRV values occur, include
* iteration #1 (leave array blank if changes occur at every
* iteration).
k


































If SBRC values are not constant, enter iteration numbers (in 
increasing order) at which changes in SBRC values occur;include 
iteration tjT (leave array blank if changes occur at every iteration).
if (numcon.gt.l) read(5,*) (nosbrc (i) , i=l, numcon)
Enter iteration numbers at which printouts are desired during 
simulation (leave blank if printouts are not wanted, or are 
desired at every iteration).
if (iprtot.gt.O) read (5,*) (iprint (i) , i=l, iprtot)
Enter initial state values (in concentration units if ISTRD = 1, 
and in mass/energy units if ISTRD = 0) for each cell in DSCM at 
iteration #1.
read(5,*) (statei (i),i=l,ncell)
If modeling solute transport, enter initial volume values for each 
cell in DSCM at iteration #1; if modeling heat flow, enter initial 
water mass heat capacities (first) , and initial solid mass heat 
capacities at iteration #1.
if (iheat.eq.O) then
read (5,*) (volint (i),i=l,ncell) 
else
read (5,*) (wtmhti(i),i=l,ncell) 
read(5,*) (sdmhti(i),i=l,ncell) 
do 22 j=l,ncell
volint (j) = wtmhti (j)+sdmhti (j)
22 continue 
endif
For non-steady volume simulations that have threshold values for 
any or all cells in the DSCM, enter a threshold value for each 
cell; if the threshold value for cell J is 0.0, then VOLMIN(J) = 
0 . 0 .
if (ivol.eq.l) read(5,*) (volmin(i),i=l,ncell)
Enter the number of system boundary recharge (SER) inputs for 
each SBR cell (IBCELL must be >0) ; all cells associated with the 
respective SBR input(s) are assumed to be listed consecutively 
from 1 to IBCELL.
if (ibcell.gt.0) then
read (5,*) (incell(i),i=l,ibcell) 
isbr = 0
do 30 i=l,ibcell
isbr = isbr + incell(i)
30 continue 
endif
If exchanges occur between cells in the DSCM (ie, modeling 















































exchange consecutively from 1 to IXCELL.
if (ixcell.gt.O) read(5,*) ((iexchj(i,j),j=l,2),i=l,ixcell)
If exchanges occur in the DSCM, enter the two cell numbers 
undergoing exchange in columns 1 and 2 of array ROUTEX, and the 
percent volume (decimal form) of cell 1 that exchanges with cell 2 
in the third column; a new initial state is calculated for the two 
cells prior to advancing to the next row in ROUTEX. If the percent 
volume of the cell in column 1 is greater than the total volume of 
the cell in column 2, an error message is printed and the program is terminated.
EX: If 30 percent of the total volume of cell 2 exchanges with an 
equal volume of cell 9, then row J of array ROUTEX consists of:
2 9 0.3.
if (ixpair.gt.0) read(5,*) ((routex(i,j),j=l,3),i=l,ixpair)
do 32 i=l,ixpair
icelll (i)=int (routex(i, 1)) 
icell2(i)=int (routex(i, 2))
32 continue
Enter list of cell pairs describing the flow paths in DSCM, plus 
the fraction (in decimal form) of output from the discharging cell 
that flows to the receiving cell. Each line of data entered 
consists of (in order) : discharging cell # (column 1) , receiving 
cell # (column 2) , and decimal percent of total discharge from 
cell 1 that flows to cell 2. There should be IEPAIR rows of 3 
columns each.
NOTE: cell cannot be used as a discharging cell until all flow 
and SBR inputs to that cell have been accounted for.
EX: If all SBR and flow inputs to cell #8 have been accounted 
for, and 10% of total output from cell 8 flows to cell 6, then 
row J of array ROUTEF consists of: 8 6 0.1.
if (ifpair.gt.0) read (5,*) ((routef (i, j) , j=l, 3) , i=l, ifpair)
do 34 i=l,ifpair
jcelll(i)=int(routef(i, 1)) 
jcell2 (i) =int (routef (i, 2))
34 continue
For each cell, enter fraction (decimal form) of total volumetric 
output discharging from that cell outside the DSCM.
EX: If cell J discharges 80% of its total volumetric output 
outside the DSCM, then DISVOL(J) = .8 (values range from 0.0 to 
1 .0) .
if (ifpair.gt.0) read(5,*) (disvol (i) , i=l,ncell)
Enter the total number of system boundary recharge (sbr) and flow 
inputs, and the total number of exchange inputs to each cell in 
columns 1 and 2, respectively (enter 0 in column 1 or 2 if value 



































To enter system boundary recharge volumes (SHRV) for time step #1, 
first enter all SBRV values for cell #1, then enter all SBRV 
values for cell #2, etc. from 1 to IBCELL and in order (entries in 
the data set may fill more than 1 line) . If model is not a 
steady-volume simulation, enter each consecutive data set on a new 
line; all data sets must have the same number of entries.
EX: I f a steady-volume DSCM model has two system boundary recharge 
(SBR) cells, cell #1 and cell #2, and if cell #1 has 3 SBR inputs 
(1., 5., 10.) and cell #2 has 1 SBR input (20.), then the values 
entered in array SBRV consist of: 1. 5. 10. 20.; if on a 
subsequent time step the second SBR input for cell #1 drops to 
zero while all other inputs remain constant, the entry in array 
SBRV for that iteration would consist of: 1. 0. 10. 20.
NOTE: For calculation of age distributions using the subroutine 
MAGEIM (MAGE = 1) , one data set consisting of the calibrated SBRV 
values is entered (NUMVOL = 1) .
i f (numvol.eq.1) then




sbrv(i) = revol (l,i)
40 continue 
endif
To fill the SBRC array, follow same instructions as for array 
SBRV; if SBR inputs for any source drop to zero at certain time 
steps, enter 0.0 for input value at the given iteration number. 
EX: If a steady-volume DSCM model has two system boundary 
recharge (SBR) cells, cell #1 and cell #2, and if cell #1 on the 
first iteration has the 3 SBR inputs of (0.5, 0.0, 1.5) and cell 
#2 has 1 SBR input of (1.75), then the first line of SBRC is:
0.5 0.0 1.5 1.75.
NOTE: For calculation of age distributions using the subroutine 
MAGEIM (MAGE = 1), enter two data sets: the first set consists of 
l's, and the second set consists of 0's.
i f (numcon.eq. 1) then




sbrc(i) = reconc (l,i)
50 continue 
endif




format(5x,'number of cells =',i5,lOx,'no. , (
' of cells receiving inputs from outside system^,
' = ', i5,8x, 'itype = ',i3,' (0 = mmc; 1 = smc) /)
write (6,70) ivol, istrd, istprt , ,format (5x, 'ivol = ',12, ' (0 = steady volume; 1 - non steady
' volume) ', 4x, ' istrd = ', 12, '; istprt = ,12,&
112
& ' (0 = mass/energy units; 1 = concentration units) '/)
write (6,80) numvol,numcon
80 format (5x, 'number of sbrv data sets = ' ,i4,llx, 'number of sbrc',
& ' data sets = ',i4/)
write (6,90)nittot, date, tmunit, delt, tmunit 
90 format (5x, 'no. of iterations = ', 17,5x, ' starting time = ',fl2.4,
& lx, a6,5x,'one iteration = ', fl2.4,lx,a6/) 
call decay (half, rd, delt, tmunit) 
write(6,100)





if (numvol.eq.1) then 
write (6,120)
120 format(////50x,'SBRV Data Set'/) 
write (6,130) (sbrv (i),i=l, isbr)
130 format(8(2x,el2.6))
elseif (numvol.gt.1) then 
write (6,140)
140 format(////50x,'SBRV Data Sets') 
do 170 i=l,numvol
write(6,150)nosbrv(i)
150 format(/45x,'Iteration Number = ',i6/)




i f (numcon.eq.1) then 
write (6,180)
180 format(////50x,'SBRC Data Set'/) 
write (6,190) (sbrc(i),i=l, isbr)
190 format(8 (2x,fl2.6))
elseif (numcon.gt.l) then 
write (6,200)
200 format(////50x, 'SBRC Data Sets') 
do 230 i=l,numcon 
write (6,210)nosbrc(i)












^ if(ifpair.gt.0) then 
write(6,265) 





write (6 , 266) jcelll (i) , jcell2(i) , routef (i,3)




270 format(6 (/)2x, 'cell n o ,7x,'initial state or cone.',7x,'initial', 
& ' volume', 7x, ' # of flow inputs',7x,'# of exchanges',7x,'disvol')
if (ivol.eq.l) write(6,280)




290 format (/2x,i5,12x, fll.3,15x,elO.4,13x,i4,20x,14,15x, f5.3) 
if (ivol.eq.l) write(6,300) fac(i),volmin(i),i 
300 format (lh+,79x, f8.4,4x, flO .4, 6x, i3)
310 continue★
* Initialize arrays to zero, and if initial states are given in
* concentration units, convert to mass dimensions.
■ k
do 320 i= l,ncell 
amtout(i) =0.0 
icheck(i) = 0 
rnuml(i) = 0.0 
rnum2(i) =0.0 
statef(i) = 0.0 
sumcon(i) =0.0 
var(i) = 0.0 
volfin(i) = 0.0 
xmage (i) =0.0
if (istrd.eq. 1) statei (i) = statei(i)*volint(i)
320 continue 
nprt = 1 





do 510 m=l,nittot 
nit = mk
* Check to see if a new SBRV or SBRC data set should be read in at
* present iteration.
k
if (numvol.eq.-1) then 
do 330 i=l,isbr
sbrv(i) = revol(nit,i)
330 continueelseif (idelrv.gt.numvol) then
elseif° ("(numvol.gt. 1) .and. (nit.eq.nosbrv (idelrv))) then
do 340 i=l,isbrsbrv(i) = revol(idelrv,i) 
continue










elseif (idelrc. gt .numcon) then 
go to 380
elseif ((numcon.gt. 1) .and. (nit.eq.nosbrc(idelrc))) then do 370 i=l,isbr
sbrc(i) = reconc(idelrc,i)
370 continue
idelrc = idelrc+1 
endif
Initialize all arrays that must be zeroed at the beginning of 
each iteration.
380 do 390 i=l,ncell 
bdc (i) = 0.0 
bdv(i) =0.0 
brv (i) =0.0 
incntf (i) = 0 
ioutct(i) = 0 
sbdv (i) =0.0 
tmassi (i) = 0.0 
tmasso(i) = 0.0 
xmassi(i) =0.0 
xmasso(i) = 0.0 
xvltot(i) = 0.0 
390 continue
do 392 i=l,ixcell 
incntx(i) = 0  
392 continue
I f exchange occurs in the DSCM, calculate input/output masses 
for the exchange cell.
if (ixcell.gt.0) then 
do 395 i=l,ixpair 
jrow = i
jcoll = routex(jrow,1) 
jcol2 = routex(jrow,2) 
xcol3 = routex(jrow,3) 
call xchanj 
do 396 j=l,ixcell
if (jcoll. eq. iexchj (j, 1)) incntx(j) =incntx(j)+l 




Calculate recharge volumes and input masses to SBR cells.
if (ibcell.gt.0) then 
itrack = 1 
do 410 i=l,ibcell





lend = incell(i) 
do 400 j=l,iend
brv(i) = brv (i)+sbrv(itrack)
tmassi (i) = tmassi(i) + (sbrv(itrack)*sbrc(itrack)) incntf (i) = incntf (i)+i 
itrack = itrack+1 
400 continue
else
brv (i) = brv(i)+sbrv(itrack)
tmassi (i) = tmassi(i) + (sbrv(itrack)*sbrc (itrack)) 






For each cell in the DSCM, calculate the discharge volume and
* final cell volume (subroutine VOLEAC - only applicable for flow
* simulations) , and discharge mass and final cell mass (subroutine
* MIX for flow simulations; main routine for exchange simulations)
* at specified iteration.■k
* If only exchanges occur in the system (no flow - ie, modeling
* sorption, conduction, etc.), first verify that all exchanges and
* sbr inputs have been accounted for in all DSCM cells.
*
if (ifpair.eq.0) then 
do 413 j=l,ixcell
locatr = iexchj(j,1)
if ((incntf(locatr)+incntx(j)) ,ne. (noinpt(locatr,1) +
& noinpt (locatr,2))) then
write (6,*) 'Error; Calculated sbr and exchange inputs',
' for cell#',locatr,'are',incntf(locatr),'and', 
incntx(j),'respectively, versus the specified values',
' of',noinpt(i,1),'sbr inputs and',noinpt(i, 2),




Calculate final states for cells in DSCM exchange simulations.
if (ibcell.gt.0) then 
do 414 i=l,ibcell
statef(i) = state!(i)+tmassi(i) 
volfin(i) = volint(i)
414 continue 
istart = ibcell+1 
do 416 j=istart,ncell
























For flow simulations with exchange, calculate final state 
and final volume of cells in which both remain the same 
through all simulations and for those in which only conduction occurs, 
do 419 i=l,ncell
if (noinpt (i,1) .eq.O) then 
statef (i) = statei(i) 
volfin(i) = volint(i) 
endif 
continue
For flow simulations (with or without exchanges) , verify that 
the cell in column 1 is not utilized as a discharging cell prior 
to receiving all system inputs.
do 420 i=l,ifpair 
irow = i
icoll = routef(irow, 1) 
icol2 = routef(irow, 2) 
fcol3 = routef(irow, 3) 
iverfy = 0
if (ixcell.gt.0) then 
do 422 j=l,ixcell




if ((incntf (icoll)+incntx(iverfy)) ,ne.
(noinpt (icoll,1)+noinpt(icoll,2))) then
write(6,*)'Error: for cell#',icoll,'the calculated', 
' values for flow (including sbr inputs) and',
' exchange inputs are',incntf(icoll),'and', 
incntx(iverfy),'respectively, versus the specified',
' values of',noinpt(icoll,1),'and', 
noinpt (icoll,2) , '.' 
stop 
endif 
elseif (incntf (icoll) .ne.noinpt (icoll,1)) then
write(6,*) 'Error: for cell#',icoll,'the calculated', 





Calculate discharge masses and volumes, and final cell masses 


































if (ifpair.ne.O) then 
if (nit.eq.l) then 
icnt = 0
do 430 i=l,ncell
if (noinpt(i,l) .eq.O) then 
go to 430 
else
go to 426 
endif
totout = disvol(i)+amtout(i)
if ((totout.It.0.9999).or.(totout.gt.1.0001)) then 
write (6,*) 'Error: calculated volume discharging1,
1 from cell',i,'is equal to',totout*100.,
' percent of volumetric discharge for that cell.' icnt = icnt+1 
endif 
continue
if (icnt.gt.0) stop 
endif 
endif
If necessary, adjust states for radioactive decay.
if (rd.ne.1.0) then 
do 440 i=l,ncell
statef(i) = statef(i)*rd 
continue 
endif
Calculate discharge volumes across the DSCM boundary.
do 450 i=l,ncell
sbdv (i) = disvol (i) *bdv (i) 
continue
If age and cumulative-age distributions are wanted (MAGE=1) 
call subroutine MAGEIM.
i f (mage.eq.1) then 
if (half.ne.0.) then
write(6,*)'Error: HALE must equal 0.0 (RD = 1) when using',
' subroutine MAGEIM.' 
stop
elseif (numcon.ne.2) then
write (6,*) 'Error: when using subroutine MAGEIM, there must', 
' be two SBRC data sets: the first set (iteration 1)',
' consists of "l"s for all cell SBRC values, and the',
' second set (iteration 2) consists of "0"s for all cell',




write(6,460) (int (dstrib(j,1)) , j=l,numcel)






















format (3x, ’(',a6,')’,3x, 'age',6x, 'cumul1,7x, 'age'^x, cumul ,4(6x, 1 age’,6x,'cumul')) write(6,480) 
format(8x,6 (17x,'age')) endif
call mageim
If all cell distributions have converged (within the 
specified value for AREA) and the means and variances 
calculated, stop the program.
icntr = 0 
do 490 i=l,ncell
if (icheck(i).gt.0) icntr = icntr+1 
continue






Determine whether printouts are required (subroutine PRINT1 
only used when MAGE=0).
if (mage.eq.0) then
if (iprtot.eq.-1) then 
call printl
elseif (nit.eq. iprint(nprt)) then 
call printl 
nprt = nprt+1 
endif 
endif
Set final volume and state values calculated in the current 
iteration to initial volume and state values for the next 
iteration, and zero final volume and state values for each cell 
in the DSCM.
do 500 i=l,ncell
volint(i) = volfin(i) 
volfin(i) = 0.0 
statei(i) = statef(i) 




* If mean ages are wanted during model calibration (can NOT
* calculate mean ages if modeling radioactive decay) call
* subroutine MAGEVO.
k
if (mage.eq.0) then 
if (mvol.eq.0) then 





called for steady volume simulations.1 call print2 
stop
elseif (half.ne.0) then
write (6,*) 'Error: subroutine MAGEVO can not be called', 
if modeling radioactive decay.' stop 
else
call magevo 







If MAGE=0, write final printout, 
write (6,520) nit,tmunit
520 format(7 (/)lx, 'Final Printout (iteration number',i6,')',//, 
lx, 'cell no.',6x, 'volume',lOx,'brv',llx,'bdv',lOx,
'xvol',lOx, 'sbdv',6x, 'mean age (',a6,') ',7x,'cell no.'/) 
do 540 i=l,ncell
write (6,530) i,volint ( i ) ,brv(i),bdv(i),xvltot(i),sbdv(i),
& xmage (i) , i









* This subroutine calculates the radioactive decay correction
* factor (RD); DELT must be constant.■k
character tmunit*6 
if (half.gt.0.0) then
rd = exp (-(alog (2.00) *delt/half)) 
else
rd = 1.0 
endif
write(6,100)half,tmunit,rd









* This subroutine calculates the mass into and out of the two






common/A/amtout (idiml) /bdc(idiml) ,bdv(idiml) ,brv(idiml) ,
disvol (idiml) , dstrib (6,3), fac (idiml) , icheck (idiml) ,
iexchj (idiml, 2) , incntf (idiml) , ioutct (idiml) ,noinpt (idiml, 2) ,
rnuml (idiml) , rnum2 (idiml) , routef (idiml, 3) , routex (idiml, 3) ,
sbdv (idiml) , sbrv (idiml) , sdmhti (idiml) , statef (idiml) , statei (idiml) ,
sumcon (idiml) , tmassi (idiml) , tmasso (idiml) , totmhi (idiml) ,
var (idiml) , vol fin (idiml) , volint (idiml) , volmin (idiml) ,
wtmhti (idiml) ,xmage (idiml) ,xmassi (idiml) ,xmasso (idiml) ,
xvltot(idiml)




xvol = xcol3*volint(jcoll) 
if (xvol.gt.volint(jcol2)) then
write (6,*) 'Error: the calculated exchange volume (percent',
' of total volume of cell',jcoll,' of array IEXCHJ) is',




xvol = xcol3*sdmhti(jcoll) 
if (xvol.gt.sdmhti(jcol2)) then
write (6,*) 'Error: the calculated exchange mass heat',
' capacity (percent of total mass heat capacity of cell', 
jcoll,' of array IEXCHJ) is greater than the',
' total mass heat capacity of cell',jcol2,' .'
stop
endif
endifxmassl = xvol*(statei(jcoll)/volint(jcoll)) 
if (itype.eq.O) thenxmass2 = xvol*(statei(jcol2)/volint(jcol2))
q ]_SQ




if (jcoll.eq.iexchj(i,1)) then 
iflag = iflag+1if (iexchj(i,2) .eq.O) statei (jcoll) = 
statei (jcoll)-xmassl+xmass2 
endif
if (jcol2.eq.iexchj(i,l)) then 
iflag = iflag+1if (iexchj (i, 2) .eq. 0) statei (jcol2) - 
statei (jcol2)-xmass2+xmassl 
endif
if (iflag.eq.2) go to 20 
continue
xmassi(jcoll) = xmassi (jcoll)+xmass2 
xmasso(jcoll) = xmasso(jcoll)+xmassl 






































xvltot (jcoll) = Xvltot ( jcoll) + xvol 
xvltot (jcol2) = xvltot(jcol2) + xvol return 
end
subroutine flow
This subroutine calculates the mass and volume discharging from 
the cell in column 1, the fraction of the discharge material that 
is routed to the receiving cell (column 2) , and the mass and 
volume remaining in each cell at the end of the specified 
iteration.
parameter (idiml=100,idim2=50,area=0.9999)
common/A/amtout (idiml) ,bdc(idiml) ,bdv(idiml) ,brv(idiml) ,
disvol (idiml) , dstrib (6,3), fac (idiml) , icheck (idiml) ,
iexchj (idiml, 2) , incntf (idiml) , ioutct (idiml) ,noinpt (idiml, 2) ,
rnuml (idiml) , rnum2 (idiml) , routef (idiml, 3) , routex (idiml, 3) ,
sbdv (idiml) , sbrv (idiml) , sdmhti (idiml) , statef (idiml) , statei (idiml) ,
sumcon (idiml) , tmassi (idiml) , tmasso (idiml) , totmhi (idiml) ,
var (idiml) , vol fin (idiml) , volint (idiml) , volmin (idiml) ,





If cell in column 1 has not been mixed prior to discharge, 
calculate discharge volume and final cell volume (subroutine 
VOLFAC) and discharge mass and final cell mass (subroutine MIX) .
if (ioutct(icoll).eq.0) then 




amtout(icoll) = amtout(icoll) + routef(irow,3)
Calculate mass and volume entering receiving cell (column 2) from 
discharging cell (column 1) .
tmassi(icol2) = tmassi(icol2) + tmasso(icoll) *routef(irow,3) 
brv(icol2) =brv(icol2) + bdv(icoll)*routef(irow,3) 
incntf(ico12) = incntf(icol2) + 1
If all inputs to receiving cell have been accounted for, call 
subroutines VOLEAC and MIX prior to using as discharging cell in 
subsequent iterations; if all inputs are not yet accounted for, 
return to main program.










This subroutine calculates discharge volumes and final volumes
* for each cell prior to discharge to receiving cells. For 
non-steady volume regimes (IVOL = 1) , final cell volumes and BDVs
* are calculated by:
* 1) vol (i+1) = vol (i) + brv (i+1) - bdv(i+l)
2) bdv (i+1) = (vol (i+1)-volmin(cell j))/fac(cell j)
parameter (idiml=100,idim2=50,area=0.9999) 
common/A/amtout (idiml) ,bac (idiml) ,bdv(idiml) ,brv(idiml) , 
disvol (idiml) , dstrib (6,3), fac (idiml) , icheck (idiml) , 
iexchj (idiml, 2) , incntf (idiml) , ioutct (idiml) ,noinpt (idiml, 2) , 
rnuml (idiml) ,rnum2 (idiml) ,routef (idiml, 3) ,routex(idiml, 3) , 
sbdv (idiml) , sbrv (idiml) , sdmhti (idiml) , statef (idiml) , statei (idiml) , 
sumcon (idiml) , tmassi (idiml) , tmasso (idiml) , totmhi (idiml) , 
var (idiml) , vol fin (idiml) , volint (idiml) , volmin (idiml) , 
wtmhti (idiml) ,xmage (idiml) ,xmassi (idiml) ,xmasso (idiml) , 
xvltot(idiml)
common/B/date, delt, ibcell, icksum, ickvo, icoll, icol2, irow, iheat, 
istprt, itemp, itype, ixcell, jcoll, jcol2,xcol3,ncell,nit,nittot, 
numcel,ivol,icntr,ifpair
If a steady volume regime is specified for the cell, BDV=BRV.
if ((ivol.eq. 0) .or. (fac (itemp) .eq.0.0)) then 
bdv(itemp) = brv (itemp) 
volfin(itemp) = volint (itemp) 
return 
endif
volfin(itemp) = volint(itemp) + brv(itemp)
If the final cell volume is less than the minimum threshold 
value, BDV is set equal to zero.
if (volfin(itemp).le.volmin(itemp)) then 
bdv(itemp) = 0.0 
else
volfin(itemp) = ((fac (itemp)*volfin(itemp)) +
& volmin(itemp))/ (fac(itemp) + 1.0)
bdv(itemp) = (volfin(itemp) - volmin(itemp))/fac(itemp)
k
* Check to make sure that the BDV does not exceed the final cell
* volume minus the threshold volume.
k
if (bdv (itemp) .gt. ((vol fin (itemp)-volmin (itemp)))) then 
bdv(itemp) = volfin (itemp) - volmin(itemp) 







































Once all inputs have been accounted for, this subroutine 
calculates the final cell state and the mass (energy) discharging from the cell.
parameter (idiml=100,idim2=50,area=0.9999)
common/A/amtout (idiml) ,bdc(idiml) ,bdv(idiml) ,brv(idiml) ,
disvol (idiml) , dstrib (6,3), fac (idiml) , icheck (idiml) ,
iexchj (idiml, 2) , incntf (idiml) , ioutct (idiml) ,noinpt (idiml, 2) ,
rnuml (idiml) , rnum2 (idiml) ,routef (idiml, 3) , routex (idiml, 3) ,
sbdv (idiml) , sbrv (idiml) , sdmhti (idiml) , statef (idiml) , statei (idiml)
sumcon (idiml) , tmassi (idiml) , tmasso (idiml) , totmhi (idiml) ,
var (idiml) , volfin (idiml) ,volint (idiml) , volmin (idiml) ,






tmasso(itemp) = bdv (itemp)* (statei(itemp)/volint(itemp)) 
else
tmasso(itemp) = bdv(itemp)* (statei(itemp)+tmassi(itemp))
/ (volint (itemp) + brv (itemp)) 
endif
statef(itemp) = statei(itemp)+tmassi(itemp)-tmasso(itemp)




This subroutine is used to calculate age and cumulative-age 
distributions. After the concentratlon-versus-time curve has 
converged for a given cell (within the limits specified by AREA) 
the mean and variance for that cell are calculated (for exact mean 
ages, use subroutine MAGEVO; mean ages calculated by MAGEIM will 
have a small associated error dependent upon the variable AREA); 
if NITTOT is not large enough for certain cell distributions to 
converge, these cells, the associated cumulative area under the 
normal curves, and the means and variances calculated at the final 
iteration are listed at the end of the printout. When using 
MAGEIM, NUMVOL = 1 (consisting of the calibrated SBRV data set) , 
and NUMCON = 2 (the first data set at iteration 1 is composed of 
11 1 s, and the second data set at iteration 2 is composed of ' 0' s) . 








common/A/amtout (idiml) ,bdc(idiml) ,bdv(idiml) ,brv(idiml) , 
disvol (idiml) , dstrib (6,3), fac (idiml) , icheck (idiml) , 
iexchj (idiml, 2) , incntf (idiml) , ioutct (idiml) ,noinpt (idiml, 2) , 
rnuml (idiml) , rnum2 (idiml) , routef (idiml, 3) ,routex(idiml, 3) , 
sbdv (idiml) , sbrv (idiml) , sdmhti (idiml) , statef (idiml) , state! (idiml) , 
sumcon (idiml) , tmassi (idiml) , tmasso (idiml) , totmhi (idiml) , 
var (idiml) , volfin (idiml) ,volint (idiml) , volmin (idiml) , 




oline = " " 
do 300 i = l,ncell
If the mean and variance for the current cell has already been 
calculated, go to the next cell.
if (icheck (i) .gt.O) go to 300 
ratio = statef(i)/volfin (i) 
rnuml (i) = rnuml(i) + real(nit)*ratio 
rnum2 (i) = rnum2(i) + ratio*real(nit*nit) 
sumcon(i) = sumcon(i) + ratio
Check to see if age and cumulative-age distributions are to be 
calculated for current cell.
do 100 j=l,numcel
if (i.eq.int(dstrib (j, 1))) then 
dstrib (j,2) = ratio 
dstrib (j, 3) = sumcon(i) 
go to 200 
endif
100 continue
* If age and cumulative-age distributions have converged,
* calculate mean and variance for current cell.
k
200 if (sumcon(i).ge.area) then 
age = rnuml (i)/sumcon(i)
varnce = (rnum2 (i)/sumcon(i)) - (age*age) 
xmage(i) = age*delt 
var (i) = varnce*delt*delt 




* If distributions for all NUMCEL cells have converged, return to
* main program.
k
if (icksum.eq.numcel) then 
return 
else





do 500 i=l,ncell 
do 400 3=l,nuracel
if (i.eq.int (dstrib(j,1))) then
if (icheck(i).gt.O) icksum = icksum+1 endif
400 continue 
500 continue
if (icksum.eq.numcel) return 
write(oline (1:9),600) date+float(nit)*delt 600 format(lx,f8.1) 
is=10 
ie=29
do 900 i=l,ncell 
do 800 j=l,numcel
if (i.eq.int(dstrib(j,1))) then 
if (icheck(i) .le.0) then









write (6,1000) oline 







This subroutine calculates mean ages using the volume method. 
MAGEVO can only be used for constant volume (IVOL = 0) and 
constant DELT simulations, and can not be used in a DSCM where 
exchanges occur.
parameter (idiml=100,idim2=50,area=0.9999) 
common/A/amtout (idiml) ,bdc(idiml) ,bdv(idiml) ,brv(idiml) , 
disvol (idiml) , dstrib (5,3), fac (idiml) , icheck (idiml) , 
iexchj(idiml,2),incntf (idiml),ioutct(idiml),noinpt(idiml,2), 
rnuml (idiml),rnum2 (idiml),routef(idiml,3),routex(idiml,3), 
sbdv (idiml) , sbrv (idiml) , sdmhti (idiml) , statef (idiml) , statei (idiml) , 
sumcon (idiml) , tmassi (idiml) , tmasso (idiml) , totmhi (idiml) , 
var (idiml) ,volfin (idiml) ,volint (idiml) , volmin (idiml) , 
wtmhti (idiml) , xmage (idiml) , xmassi (idiml) , xmasso (idiml) , 
xvltot(idiml)common/B/date, delt, ibcell, icksum, ickvo, icoll, icol2, irow, iheat, 
istprt, itemp, itype, ixcell, jcoll, jcol2,xcol3,ncell,nit,nittot, 
numcel,ivol,icntr,ifpair 
do 100 i=l,ncell 





if (itype.eq.0) then 
if(iheat.eq.1) then
xmage(i) = wtmhti (i) /brv (i) 
else




xmage(i) = (wtmhti (i)+sbrv (i))/hrv (i) else




do 300 i=l,ifpair 
icoll = routef(l/l) 
icol2 = routef(i,2) 
fcol3 = routef(i,3) 
if(ixcell.gt.0) then 
if(iheat.eq.l) then
xmage(icol2) = xmage(icol2) +
& ((xmage(icoll)*bdv(icoll)*routef(i,3)) /brv(icol2))
incntf(icol2) = incntf(icol2) + 1
if((icol2.gt.ibcell) .and. (incntf(icol2) .eq.noinpt (icol2,1))) 
& xmage(icol2) = xmage(icol2) + (wtmhti (icol2)/brv (icol2))
else
write(6,*) 'Error: subroutine MAGEVO cannot be',
' used in simulations where exchange occurs between',
' cells.' 




xmage(icol2) = xmage(icol2) +
& ((xmage(icoll)*bdv (icoll)*routef(i,3))/brv(icol2))
incntf (icol2) = incntf(icol2) + 1
if ((icol2.gt.ibcell).and.(incntf(icol2).eq.noinpt(icol2,1)))
& xmage(icol2) = xmage(icol2) + (volint(icol2)/brv(icol2))
300 continue
do 400 i=l,ncell








* This subroutine prints data at iteration numbers specified in
* array IPRINT (MAGE = 0) .
k
parameter (idiml=100,idim2=50,area=0.9999) 
character tmunit*6common/A/amtout (idiml) ,bdc(idiml) ,bdv(idiml) ,brv(idiml) ,






iexchj (idiml, 2) , incntf (idiml) , ioutct (idiml) , noinpt (idiml, 2) , 
rnuml (idiml) , rnum2 (idiml) ,routef (idiml, 3) , routex(idiml, 3) , 
sbdv (idiml) , sbrv (idiml) , sdmhti (idiml) , statef (idiml) , statei (idiml) , 
sumcon (idiml) , tmassi (idiml) , tmasso (idiml) , totmhi (idiml) , 
var (idiml) , volfin (idiml) , volint (idiml) , volmin (idiml) ,phi (idiml) , 
wtmhti (idiml) , xmage (idiml) ,xmassi (idiml) ,xmasso (idiml) , 
xvltot (idiml)
common/B/date, delt, ibcell, icksum, ickvo, icoll, icol2, irow, iheat, 
istprt, itemp, itype, ixcell, jcoll, jcol2,xcol3,ncell,nit,nittot, 
numcel,ivol,icntr,ifpair 
common/C/tmunit
time = date + (float(nit)*delt) 
write(6,100) nit,time,tmunit
100 format(4(/)15x,'iteration no. ',i6,7x,'time = end of ',fl2.5,
& lx,a6//)
write (6,200)
200 format (lx, 1 cell',3x, 'state or cone.1,3x,'total in',7x,
& 'total out',9x,'bde',lOx,'volume',7x,'brv',9x,'bdv',9x,'sbdv')
do 400 i=l,ncell
tmassi (i) = tmassi(i) + xmassi(i) 
sbdv(i) = disvol (i) *bdv (i)
k
* Modified mixing cell.*
if (ifpair.gt.0) then 
if (itype.eq.0) then
bde (i) = statei (i)/volint(i)
k
* Simple mixing cell.
k
elsebde (i) = (statei (i)+tmassi (i)-xmasso (i))/(volint (i)+brv(i))
endif 
endif
tmasso(i) = tmasso(i) + xmasso(i)
k
* If necessary, covert state values from mass to concentration
* units.
k
if (istprt.eq.l) statef(i) = statef(i)/volfin(i)
write (6,300) i,statef (i) , tmassi (i) , tmasso (i) ,bdc(i) ,volfin(i) ,
& brv (i) ,bdv (i) , sbdv (i)
phi(i) = (statef(i)/155.76 - 1)*1000 
write (6,450) i,phi(i)
300 format(/lx,i3,4x,el2.6,3 (4x,ell.5),4(3x, ell.5)) 
if (istprt.eq.l) statef(i) = statef(i)*volfin(i)
































errors. An error message is printed in the main program, data 
calculated up to that point is printed in subroutine PRINT2 and the program is then stopped.
parameter (idiml=100,idim2=50,area=0.9999)
common/A/amtout (idiml) ,bdc(idiml) ,bdv(idiml) ,brv(idiml) ,
disvol (idiml) , dstrib (6,3) , fac (idiml) , icheck (idiml) ,
iexchj (idiml, 2) , incntf (idiml) , ioutct (idiml) ,noinpt (idiml, 2) ,
rnuml (idiml) ,rnum2 (idiml) ,routef (idiml, 3) ,routex(idiml, 3) ,
sbdv (idiml) , sbrv (idiml) , sdmhti (idiml) , statef (idiml) , statei (idiml) ,
sumcon (idiml) , tmassi (idiml) , tmasso (idiml) , totmhi (idiml) ,
var (idiml) ,volfin (idiml) ,volint (idiml) ,volmin (idiml) ,






100 format(7(/)lx, 'cell no.',6x,'volume', 9x, 'brv',llx, 'bdv',9x,
'xvol',7x,'sbdv',5x,'cell no.'/) 
do 300 i=l,ncell
write (6,200) i,volint (i),brv(i),bdv(i),xvltot(i) , sbdv(i),i









common/A/amtout (idiml) , bdc (idiml) , bdv (idiml) , brv (idiml) ,




sumcon (idiml) , tmassi (idiml) , tmasso (idiml) , totmhi (idiml) ,
var (idiml) ,vo If in (idiml) , volint (idiml) , volmin (idiml) ,
wtmhti (idiml) , xmage (idiml) , xmassi (idiml) , xmasso (idiml) ,
xvltot(idiml)
common/B/date,delt,ibcell,icksum,ickvo,icoll,ico12, irow,iheat, 
istprt,itemp,itype,ixcell,jcoll,jcol2,xcol3, ncell, nit, nittot, 
numcel,ivol,icntr,ifpair 
common/C/tmunit 
do 200 i=l,ncell 
do 100 j=l,numcel
if(i.eq.int(dstrib(j,l))) then
if (icheck (i) .eq. 0) write(6,*) 'Total number of',
' iterations not large enough to calculate completed ,
' concentration-versus-time and cumulative ,















300 format(7(/)lx, 'cell n o 6 x ,  'volume9x, 'brv',llx, 'bdv9x,
'xvol',7x, 'sbdv',6x,'mean age (',a6,') ',7x,'std dev',5x, 'time at' 
' convergence'/) 
do 500 i=l,ncell
time2 = date+float (icheck (i)) *delt
write(6,400) i,volfin (i),brv(i),bdv(i),xvltot(i) , sbdv(i), 
xmage ( i ) ,sqrt (var(i)),time2




write (6,*) 'At given AREA value, total number of iterations',
' not large enough to calculate final mean age(s) and',
' variance (s) for cell(s):' 
write (6,600)
600 format(/5x,'cell #',5x,'cumul cone at final time step',13x,
& 'mean',15x,'std dev')
do 800 i=l,ncell
if (icheck (i) .eq. 0) then 
age = rnuml (i)/sumcon(i)
varnce = (rnum2(i)/sumcon(i)) - (age*age) 














17 17 0 10000 23 0 1 1
0 1 0  1 1 2  0 
0.0 30. 0.0 'years'
9000 10000
0. 0. 0. 0. 0. 0. 0. 0. 0. 0. 0. 0. 0. 0. 0. 0. 0.
2.11E11 1.77E11 1.85E11 2.81E11 1.51E11 1.52E11 1.44E11
7.45E10 7.12E10 2.21E11 3.09E11 1.48E11 4.50E10 1.72E11
3.18E10 5.70E10 7.15E10







4 14 .48 
10 11 .61 
6 11 .13
6 8 .63 
9 8 .33
9 11 .33 
12 14 .36 
14 17 .31
14 11 .30 
8 11 .58
7 5 .62
5 15 .29 
5 11 .71
15 11 1.0 
17 11 .75 
17 13 .25 
11 16 .02
.88 .18 .21 .32 0. .24 .38 .42 .34 .39 .98 .64 1.0 






















5.11E8 3.07E8 3.33E8 2.22E8 5.19E75.55E7 9.24E7 2.22E8 7.41E7 1.11E8 5.59E8 3.45E85.19E7 4.07E8 3.33E8 1.035E8 1.11E7 2.961E8 2.628E8
136.45 135.98 136.91 136.91 138.78 138.47 137.85139.09 139.25 140.18 ;137.38 138.63 139.72 137.38 138138.47 140.18 139.72 138.63
number o f  c e l l s  — 17 n o. o f  c e l l s  r e c e iv in g  in p u ts  from o u ts id e  system  = 17 ity p e  — 1 (0 — nine; 1 — sme
i v o l  — 0 (0 = s tea d y  volum e; 1 = n on -stea d y  volume) i s t r d  = 1; i s t p r t  — 1 (0 = m ass/energy u n it s ; 1 = con cen tra tion  u n its
number o f  sb rv  data s e ts  = 1 number o f  sb re  data  s e t s  = 1
no. o f  i t e r a t io n s  = 10000 s t a r t in g  tim e = 0 .0000 y ea rs  one i t e r a t io n  = 30.0000 y ea rs
h a l f - l i f e  = 0.000000e+00 y e a rs  r a d io a c t iv e  decay = 0 .10000000e+01






















































ro u te f
3 1 0.1100



























no. i n i t i a l  s ta t e  o r  cone. i n i t i a l  volume # o f  flow  inputs # o f  exchanges d is v o l
1 0.000 0 .2110e+12 2 0 0.880
2 0.000 0.1770e+12 2 0 0.180




4 0.000 0 .2810e+12 2
5 0.000 0 .1510e+12 2
6 0.000 0 . 1520e+12 2
7 0.000 0.1440e+12 1
8 0.000 0 .7450e+ ll 3
9 0.000 0 ,7120e+U 1
10 0.000 0 . 2210e+12 2
11 0.000 0 .3090e+12 10
12 0.000 0 .1480e+12 3
13 0.000 0 .4500e+ ll 2
14 0.000 0 .1720e+12 3
15 0.000 0 .3180e+ll 2
16 0.000 0 .5700e+ ll 2
17 0.000 0 .7150e+ ll 2
i t e r a t io n i no. 9000 tim e = end o f  270000.00000 years
c e l l s ta te  o r  con e . t o t a l  in t o t a l  out bde volume
1 0 .136478e+03 
1 -123 .79
0 .74741e+ll 0 .74739e+ll 0 .13648e+03 0 .21100e+12
2 0 .136067e+03 
2 -126 .43
0 .50715e+ll 0 .50714e+ll 0 .13607e+03 0 .17700e+12
3 0 .136904e+03 
3 -121 .06
0 .45591e+ll 0 .45589e+ll 0 .13690e+03 0.18500e+12
4 0 .136906e+03 
4 -121 .05
0 .61395e+ll 0 .61394e+ ll 0 .13691e+03 0 ,28100e+12















































6 -11 3 .6 4
0 .2 04 2 2 e+ ll 0 . 20419e+ll 0.13806e+03 0 .15200e+12 0 .14790e+09 0 ,14790e+09 0 .35496e+08
7 0.139087e+03 
7 -10 7 .0 4
0.308786+11 0 . 30877e+ ll 0.13909e+03 0.14400e+12 0 .22200e+09 0 .22200e+09 0.84360e+08
8 0.1388666+03 
8 -108 .46
0 . 28317e+ ll 0 . 28316e+ll 0 .13887e+03 0 .74500e+ ll 0.203916+09 0 . 20391e+09 0 .85641e+08
9 0 .140174e+03 
9 -10 0 .0 7
0 .15560e+ ll 0 . 15559e+ll 0 .14017e+03 0 .7 12 0 0 e+ ll 0.11100e+09 0.111006+09 0 .37740e+08
10 0.1371616+03 
10 -119 .41
0 ,92010e+ ll 0 . 92009e+ll 0.13716e+03 0.22100e+12 0.67081e+09 0.67081e+09 0 .26162e+09
11 0.1381436+03 
11 -113 .10
0 .23209e+12 0 . 23209e+12 0 .13814e+03 0 .30900e+12 0.16801e+10 0 .16801e+10 0 .16465e+10
12 0 .136950e+03 
12 -120 .76
0 .94564e+ ll 0 .94564e+ll 0.13695e+03 0.14800e+12 0.69050e+09 0 ,69050e+09 0.44192e+09
13 0 ,138661e+03 
13 -109 .78
0 .6 13 8 1 e+ ll 0 .61381e+ll 0.13866e+03 0 .45000e+ ll 0.44267e+09 0.44267e+09 0.44267e+09
14 0 .137209e+03 
14 -119 .10
0 .77844e+ll 0 .77843e+ll 0.13721e+03 0.17200e+12 0.56733e+09 0.56733e+09 0.221266+09
15 0 .139186e+03 
15 -106 .40
0 ,91962e+10 0 .91956e+10 0 .13919e+03 0 .3 1800e+ ll 0.66067e+08 0 ,66067e+08 0.000006+00
16 0 .139559e+03 
16 -104 .01
0 .46013e+ ll 0 .46013e+ ll 0.13956e+03 0 .57000e+ ll 0.32970e+09 0 .32970e+09 0 .32970e+09
17 0 .138060e+03 0 .6 0563e+ ll 
17 -113 .64
it e r a t io n  no. 10000
0 .60563e+ll 
tim e = end
0 .13806e+ 03 0 .7 1500e+ ll 
o f  300000.00000 years
0.43867e+09 0 ,43867e+09 0 .00000e+00
c e l l s ta t e  or cone. t o t a l  in t o t a l  out bde volume brv bdv sbdv COCn
-UReno

15 0 .139189e+03 0 .91962e+10 0.91958e+10 0 .13919e+03
15 -1 0 6 .3 9
16 0 .139559e+03 0 .4 6 01 3 e+ ll 0 .46013e+ ll 0 .13956e+03
16 -1 0 4 .0 1
17 0.138060e+03 0 .6 0 56 3 e+ ll 0 .60563e+ll 0 .13806e+03
17 -1 1 3 .6 4
F in a l P r in to u t ( i t e r a t io n  number 10000)
c e l l  no. volume brv bdv x v o l
1 0 .2110e+12 0 .5476e+09 0 .5476e+09 0 .0000e+00
2 0 .1770e+12 0 ,3727e+09 0 .3727e+09 0 .0000e+00
3 0 .1850e+12 0.3330e+09 0 .3330e+09 0 .0000e+00
4 0 .2810e+12 0 .4484e+09 0 .4484e+09 0 .0000e+00
5 0 .1510e+12 0 .1895e+09 0 .1895e+09 0.000 0e+00
6 0 .1520e+12 0 ,1479e+09 0 .1479e+09 0 .0000e+00
7 0 .1440e+12 0 .2220e+09 0 .2220e+09 0 .0000e+00
8 0 .7450e+11 0 .2039e+09 0 .2039e+09 0 .0000e+00
9 0 .7 1 20 e+ ll 0 .1110e+09 0.1110e+09 0 .0000e+00
10 0 .2210e+12 0 .6708e+09 0 .6708e+09 0 .0000e+00
11 0 .3090e+12 0 .1680e+10 0 .1680e+10 0 .0000e+00
12 0 .1480e+12 0 .6905e+09 0 .6905e+09 0 .0000e+00
13 0 .4 5 00 e+ ll 0 ,4427e+09 0 .4427e+09 0.000 0e+00
14 0 .1720e+12 0 .5673e+09 0 .5673e+09 0 .0000e+00
15 0 .3180e+ ll 0 .6607e+08 0 .6607e+08 0 .0000e+00
16 0 .5 7 00 e+ ll 0 .3297e+09 0 .3297e+09 0 .0000e+00
17 0 .7 1 5 0 e+ ll 0 .4387e+09 0 .4387e+09 0.000 0e+00
I
0 .31800e+ ll 0 .66067e+08 0.66067e+08
0 .57000e+ ll 0 .32970e+09 0.32970e+09




sbdv mean age (years ) c e l l
0 .4819e+09 12703.703 1
0 .6709e+08 16511.361 2
0 .6993e+08 16696.668 3
0 .1435e+09 27244.344 4
0 .0000e+00 38048.305 5
0 .3550e+08 30842.900 6
0 .8436e+08 19471.947 7
0 .8564e+08 28547.930 8
0 .3774e+08 19263.268 9
0 .2616e+09 12640.665 10
0 .1646e+10 21862.756 11
0 .4419e+09 14618.306 12
0 .4427e+09 6833.215 13
0 .2213e+09 25858.625 14
0 . 0000e+00 46246.906 15
0 .3297e+09 7424.059 16
0 .0000e+00 15257.751 17
-u Reno




17 17 0 4000 23 0 3 3
0 1 0  1 1 2  0




0. 0. 0. 0. 0. 0. 0. 0. 0. 0. 0. 0.
6.35E10 3.54E10 5.55E10 5.61E10
2.24E10 2.14E10 6.65E10 9.29E10







4 14 .48 
10 11 .61 
6 11 .13
6 8 .63 
9 8 .33
9 11 .33 
12 14 .36 
14 17 .31
14 11 .30 
8 11 .58
7 5 .62
5 15 .29 
5 11 .71
15 11 1.0 
17 11 .75 
17 13 .25 
11 16 .02
.88 .18 .21 .32 0. .24 .38 .42 .34 .39 .98 .64 1.0 
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4.53E10 3.04E10 4.31E10
2.96E10 1.35E10 3.45E10
















































































































number of cells =  17 = smc
i v o l  = 0 (0 =  s te a d y  volume; 1 = n on -stea d y  volume) i s t r d  = 1 ; i s t p r t  = 1 (0 = m ass/energy u n it s ; 1 = co n ce n tra tio n  u n its
number o f  sbrv  data s e t s  = 3 number o f  s b rc  data s e t s  = 3
n o. o f  i t e r a t io n s  = 4000 s ta r t in g  tim e = 0.0000 y ea rs  one i t e r a t io n  = 30.0000 y ears
h a l f - l i f e  = 0.000000e+00 y ears  r a d io a c t iv e  decay = 0 .10000000e+01
no. of cells receiving Inputs from outside system = 17 itype —  1 (0 =  mmc; 1







































































































































































































con e. i n i t i a l  volume
0 .6350e+ ll 
0 .3540e+ ll 
0 .5 55 0 e+ ll 
0 .5610e+ ll 
0 .4530e+ ll 
0 .3 04 0 e+ ll 
0 .4310e+ ll 
0 .2240e+ ll 
0 .2 14 0 e+ ll 





























iteration no. 3000 time = end of 90000.
c e l l s ta t e  o r  con e . t o t a l  in t o t a l  out bde
1 0 .136480e+03 
1 -123 .78
0 .74741e+ ll 0 .74741e+ ll 0.13648e+03
2 0 ,136068e+03 
2 -12 6 .4 3
0 .50715e+ ll 0 . 50715e+ll 0.13607e+03
3 0 .136909e+03 
3 -121 .02
0 .45591e+ ll 0 ,45591e+ ll 0.13691e+03
4 0 .136909e+03 
4 -121 .03
0 .61396e+ ll 0 .61395e+ll 0.136916+03
5 0 .139473e+03 
5 -104 .56
0 . 26436e+ll 0 .26436e+ll 0 .13947e+03
6 0.1383916+03 
6 -111 .51
0 . 20468e+ll 0 .2 0468e+ ll 0.138396+03
7 0 .139559e+03 
7 -104 .02
0 -30982e+ll 0 . 30982e+ll 0.13956e+03
8 0.139023e+03 
8 -107 .45
0 .28348e+ ll 0 .28348e+ ll 0.13902e+03
9 0 .140180e+03 
9 -100 .03
0 .15560e-Hl 0 .15560e+ ll 0.140186+03
10 0 .137227e+03 
10 -118 .98
0 .92055e+ ll 0.920546+11 0.137236+03
11 0 .138234e+03 
11 -112 .52
0 .23224e+12 0 .23224e+12 0 .13823e+03









0 .35400e+ ll 0.372726+09 0.37272e+09
0 .55500e+ ll 0.33300e+09 0.33300e+09
0 .56100e+ ll 0.448446+09 0.448446+09
0.4530 0 e+ ll 0 .18954e+09 0.18954e+09
0 .30400e+ ll 0.147906+09 0.147906+09
0 .43100e+ ll 0.22200e+09 0.22200e+09
0 .22400e+ ll 0.20391e+09 0.20391e+09
0 .21400e+ ll 0 .11100e+09 0.111006+09
0 .66500e+ ll 0.67081e+09 0.67081e+09
0 .92900e+ll 0 .16801e+10 0.16801e+10
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rH CN CO in vD
8 0 .138761e+03 
8 -1 0 9 .1 3
0 .28322e+U 0 .28294e+ll 0 .13876e+03 0 .22400e+ ll 0 .20391e+09 0.20391e+09 0.85641e+08
9 0 ,139997e+03 
9 -101 .20
0 .15560e+ ll 0 . 15540e+ll 0 ,14000e+03 0 .21400e+ ll 0 .11100e+09 0 .11100e+09 0.37740e+08
10 0.137175e+03 
10 -11 9 .3 2
0 .92049e+ ll 0 .92019e+ll 0 .13717e+03 0 .66500e+ ll 0.67081e+09 0 -67081e+09 0 .26162e+09
11 0 .138056e+03 
11 -11 3 .6 6
0 .23202e+12 0 .23194e+12 0 .13806e+03 0 .92900e+ll 0 ,16801e+10 0 .16801e+10 0.16465©+10
12 0.136939e+03 
12 -12 0 .8 3
0 -94568e+ ll 0 .94557e+U 0.13694©+03 0 .29600e+ll 0 .69050e+09 0.69050e+09 0 ,44192e+09
13 0.138641©+03 
13 -109 .91
0 .61374e+ll 0 .61372e+ll 0 .13864e+03 0.1350 Oe+11 0 .44267e+09 0. 44267e+09 0 .44267e+09
14 0 .137073e+03 
14 -11 9 .9 7
0 .77797e+ ll 0 ,77766e+ ll 0 .13707e+03 0 .34500e+ll 0 .56733e+09 0.56733e+09 0 ,22126e+09
15 0.138972©+03 
15 -10 7 .7 8
0 .91949e+10 0 .91814e+10 0 .13897e+03 0 .95600e+10 0 .66067e+08 0.66067e+08 0.00000e+00
16 0 .139544e+03 
16 -104 .11
0 ,46010e+ ll 0 .46008e+ ll 0.13954e+03 0 .17100e+ll 0 .32970e+09 0 .32970e+09 0 .32970e+09
17 0 .137991e+03 0.60539© +!! 0 .60533e+ll 0 .13799e+03 0 .14300e+ll 0 ,43867e+09 0.43867e+09 0 .00000e+00
17 -114 .08
F inal P r in to u t ( i t e r a t io n  number 4000)
n o . volume brv bdv x v o l sbdv mean age (years ) c e l l
1 0 .6350e+ ll 0 .5476e+09 0 .5476e+09 0 .0000e+00 0 ,4819e+09 0.000 1




3 0 ,5 5 5 0 e + ll 0 .3330e+09 0 ,3330e+09 0 .0000e>00
4 0 .5 6 1 0e+ ll 0.4484e+09 0 .4484e+09 0 .0000e+00
5 0 .4 5 3 0 e+ ll 0 .1895e+09 0.1895e+09 0 .0000e+00
6 0 .3 040e+ ll 0 .1479e+09 0 .1479e+09 0 .0000e+00
7 0 .4 3 1 0 e+ ll 0 .2220e+09 0.2220e+09 0 .0000e+00
B 0 ,2 2 40 e+ ll 0 .2039e+09 0 . 2039e+09 0 .0000e+00
9 0 .2 1 4 0 e + ll 0 .1110e+09 0 .1110e+09 0 .0000e+00
10 0 .6 6 50e+ ll 0 .6708e+09 0 ,6708e+09 0 .0000e+00
11 0 .9290e+ ll 0 .1680e+10 0 . 1680e+10 0 .0000e+00
12 0 .2960e+ ll 0 .6905e+09 0 .6905e+09 0 .0000e+00
13 0 .1 3 5 0 e+ ll 0 .4427e+09 0 .4427e+09 0 .0000e+00
14 0 .3450e+ ll 0 .5673e+09 0 .5673e+09 0 .0000e+00
15 0 .9560e+10 0 .6607e+08 0 ,6607e+08 0 .0000e+00
16 0 .1710e+ ll 0 .3297e+09 0 .3297e+09 0 .0000e+00
















































Appendix 24. Input Data Set for Configuration 2, Scenario 3, Maximum Volumes r Renop 044
0 021 21 0 10000 29 O i l0 1 0 1 1 2 00.0 30 0 , 0 'y e a r s '9000 10000
0 . 0 . 0 . 0 .  0 ,, 0 . 0 . 0 . 0 ,. 0 . 0 . 0 . 0 . 0 . 0 ., 0 . 0 . 0 . 0 . 0 . 03.24E10 2.70E10 1.79E11 1.49E11 1.85E11 1.54E11 1.51E111.26E11 1 . 44E11 1.52E11 7.45E10 7.12E10 1.98E11 1.22E112.49E10 1.98E11 3.11E11 4.50E10 7.15E10 3.18E105.71E101 2 1 2 1 1 1 1 1 2 1 1 1 2  1 1 2  1 1 1 1
2 4 .232 1 .171 3 .205 3 .135 6 .664 14 .404 16 .606 8 .246 16 .459 7 .627 8 .717 20 .298 16 .288 17 .7215 14 .4014 16 .9616 17 .1616 19 .1610 11 .6310 17 .1312 17 .5011 17 .6519 17 .7319 18 .2713 17 .6615 17 .4018 17 .3320 17 1.017 21 .02
.80 .60 1.0 0 . .21 .31 0. 0. .38 .24 .35 .50.34 .04 .20 .68 .98 . 67 0. 0. 1.0
2 0 
2 0 3 03 01 0 
2 0 












7.40E7 3.70E7 7.40E7 3.33E85.19E7 1.85E7 2.22E8 5 . 55E73.15E8 2.22E8 1.85E8 7.41E71.11E7 2.96E8
135.90 135.90 136.13 136.45138.78 138.78 139.00 138.94137.38 136.45 138.78 138.63140.18 139.72
1.85E8 7.40E7 3.33E8 2.41E89 . 24E7 1.11E8 7.41E7 3.70E81 . 85E8 7 . 41E7 3.33E8 2.63E8
136.60 136 .13 136 .91 136.91137.85 139 .25 140 .18 137.22138.63 139. 72 139. 09 138.63
number of cells =  21 = smc
i v o l  — 0 (0 = stead y  volum e; 1 = n on -steady  volume) i s t r d  = 1; i s t p r t  =  1 (0 =  m ass/energy u n it s ;  1 = co n ce n tra tio n  u n its
number o f  sb rv  data s e ts  — 1 number o f  s b re  data s e ts  — 1
n o. o f  i t e r a t io n s  = 10000 s ta r t in g  tim e = 0.0000 years one i t e r a t io n  = 30.0000 y ea rs
h a l f - l i f e  = 0.000000e+00 y ea rs  r a d io a c t iv e  decay =0.10000000e+01
no. of cells receiving inputs from outside system =  21 itype =  1 (0 = mine; 1














































































































































con e . i n i t i a l  voluma
0 .3240e+ ll 









0 .7450e+ ll 
0 .7120e+ ll 
0.1980e+12 
0 . 1220e+12 
0 .2490e+ ll 
0 .1980e+12 
0 .3110e+12 





























iteration no. 9000 time = end of 270000.00000 years
c e l l s ta te  o r  con e . t o t a l  in t o t a l  out bde volume
1 0.135927e+03 
1 -127 .33
0 . 12624e+ ll 0 .12624e+ll 0 .13593e+03 0 .3 24 0 0 e+ ll
2 0 .136052e+03 
2 -126 .53
0 . 15102e+ ll 0 .15102e+ll 0 .13605e+03 0 ,27000e+ ll
3 0 .136471e+03 
3 -123 .84
0 .53889e+ ll 0 .53887e+ll 0 .13647e+03 0 .17900e+12
4 0 .136426e+03 
4 -124 .13
0 .38818e+U 0 .38817e+ll 0 .13643e+03 0 ,14900e+12
5 0 .136904e+03 
5 -121 .06
0 .4 5 59 1 e+ ll 0 .45589e+ ll 0 .13690e+03 0 .18500e+12
6 0 .136906e+03 
6 -121 .05
0 .63084e+ ll 0 .63083e+ ll 0 .13691e+03 0 .15400e+12
7 0 .138930e+03 
7 -108 .05
0 . 26334e+ll 0 .26333e+ll 0 .13893e+03 0 .15100e+12
8 0 .138065e+03 
8 -113 .60
0 .36404e+ ll 0 .36402e+ll 0 .13806e+03 0.12600e+12
9 0 .138993e+03 
9 -107 .65
0 .30858e+ ll 0 .30856e+ ll 0 .13899e+03 0 .14400e+12
10 0 .138243e+03 
10 -112 .46
0 .20449e+ ll 0 .20446e+ll 0 .13824e+03 0 .15200e+12
11 0 .138784e+03 
11 -108 .99
0 .2 83 3 8 e+ ll 0 .28337e+ll 0 .13878e+03 0 .74500e+ ll
12 0 .140165e+03 
12 -100 .12
0 . 10387e+ll 0 .10386e+ll 0 .14017e+03 0 .71200e+ ll
13 0 .137219e+03 0 .50771e+ll 0 .50771e+ll 0.13722e+03 0 .1980 0e+12
I
brv bdv sbdv
0 .92870e+08 0 .92870e+08 0.74296e+08
0 .11100e+09 0.11100e+09 0.66600e+08
0.39486e+09 0 .39486e+09 0 .39486e+09
0.28453e+09 0 .28453e+09 0 .00000e+00
0.33300e+09 0 .33300e+09 0.69930e+08
0.46078e+09 0.46078e+09 0 .14284e+09
0 .18954e+09 0 .18954e+09 0 .00000e+00
0.26366e+09 0.26366e+09 0 .00000e+00
0 .22200e+09 0.2220 0e+09 0.84360e+08
0.14790e+09 0 .14790e+09 0 .35496e+08
0.20418e+09 0 .20418e+09 0.71462e+08
0.74100e+08 0.74100e+08 0 .37050e+08





14 0 .137087e+03 
14 -119 .88
0 ,99363e+ ll 0 . 99363e+ll 0 .13709e+03 0 .12200e+12 0.72481e+09 0.72481e+09 0.28992e+08
15 0 . 138780e+03 
15 -109 .02
0 .2 56 7 4 e+ ll 0 .25674e+ll 0 .13878e+03 0 .24900e+ll 0 .18500e+09 0 .18500e+09 0.37000e+08
16 0.137116e+03 
16 -119 .70
0 ,16753e+12 0 . 16753e+12 0 .13712e+03 0.19800e+12 0.12218e+10 0.12218e+10 0.83083e+09
17 0 .13819le+ 03 
17 -112 .79
0 .23536e+12 0 .23536e+12 0 .13819e+03 0 .31100e+12 0.17031e+10 0 .17031e+10 0.16691e+10
18 0 .138790e+03 
18 -108 .95
0 .63398e+ll 0 .63398e+ll 0 .13879e+03 0 .45000e+ ll 0.45679e+09 0.45679e+09 0.30605e+09
19 0 .137984e+03 
19 -114 .12
0 ,63264e+ ll 0 .63264e+ll 0 .13798e+03 0 .71500e+ ll 0.45849e+09 0.45849e+09 0 .00000e+00
20 0 ,139131e+03 
20 -106 .76
0 .91925e+10 0 .91919e+10 0 .13913e+03 0 ,31800e+ ll 0.66067e+08 0.66067e+08 0 .00000e+00
21 0 .139562e+03 0 .46064e+ ll 
21 -103 .99
it e r a t io n  no. 10000
0 .46064e+ll 
tim e = end
0 .13956e+03 0 .57100e+ ll 
o f  300000.00000 years
0.33006e+09 0.33006e+09 0 .33006e+09
c e l l s ta t e  o r  cone. t o t a l  in t o t a l  out bde volume brv bdv sbdv
1 0 .135927e+03 
1 -127 .33
0 .12624e+ ll 0 .12624e+ll 0 .13593e+03 0 .32400e+ll 0.92870e+08 0.92870e+08 0.74296e+08
2 0 . 136052e+03 
2 -126 .53
0 .15102e+ ll 0 .15102e+ll 0 .13605e+03 0 .2 7000e+ ll 0 .11100e+09 0.11100e+09 0.66600e+08
3 0 .136471e+03 
3 -123 .84
0 .53889e+ll 0 .53887e+ll 0 .13647e+03 0 .17900e+12 0 .39486e+09 0 .39486e+09 0 .39486e+09
4 0 .136426e+03 0 .38818e+ ll 0 .38817e+ll 0 .13643e+03 0 ,14900e+12 0 .28453e+09 0 .28453e+09 0 .00000e+00
4 -124.13
5 0 .136904e+03 
5 -12 1 .0 6
0.455910+11 0 .45589e+ll 0.13690O+03 0 .18500e+12
6 0 .136906o+03 
6 -12 1 .0 5
0 .63084e+ ll 0.630830+11 0.13691O+03 0 .15400e+12
7 0 ,138931e+03 
7 -10 8 .0 5
0 .263340+11 0.26333O+11 0.138930+03 0.15100O+12
8 0 .138067e+03 
8 -11 3 .5 9
0.364040+11 0 .36403e+ll 0.13807e+03 0.12600e+12
9 0 .138993o+03 
9 -10 7 .6 5
0.308580+11 0 .30856e+ll 0 .13899e+03 0.14400e+12
10 0 .138257e+03 
10 -11 2 .3 7
0.204490+11 0 .20448e+ll 0.13826e+03 0.15200O+12
11 0 .138793e+03 
11 -10 8 .9 3
0.283390+11 0.283380+11 0.138790+03 0.745000+11
12 0 .140171e+03 
12 -10 0 .0 8
0 .10387e+ ll 0 .10387e+ll 0 .14017e+03 0 .71200e+ll
13 0 .137219e+03 
13 -11 9 .0 4
0 .507710+11 0.507710+11 0.137220+03 0.19800O+12
14 0 .137087e+03 
14 -11 9 .8 8
0.993630+11 0.99363O+11 0.13709O+03 0.12200O+12
15 0 .138780e+03 
15 -10 9 .0 2
0 . 25674e+ll 0 .25674e+ ll 0 .13878e+03 0.249000+11
16 0.1371160+03 
16 -119 .70
0.167530+12 0.16753O+12 0.13712O+03 0.19800e+12
17 0.1381910+03 
17 -112 .79
0.23536O+12 0.23536O+12 0.138190+03 0 .31100©+12
18 0 .138790O+03 0.633980+11 0.63398O+11 0 .13879o+03 0 .45000O+11
f
0.33300e+09 0.33300O+09 0.69930e+08
0 .46078e+09 0 .46078o+09 0.14284e+09
0.18954e+09 0 .18954e+09 0 .00000e+00
0.26366e+09 0 .26366e+09 0 .00000e+00




0 .20418e+09 0 .20418O+09 0.71462©+08
0.74100e+08 0.74100O+08 0.37050O+08
0 .37000e+09 0.37000O+09 0 .12580O+09
0.72481e+09 0.724810+09 0 .28992o+08
0 .18500e+09 0 .18500O+09 0.37000O+08
0.122180+10 0 .12218e+10 0 .83083e+09






19 0 .137984e+03 0 .6 3 26 4 e+ ll 0 .6 3 2 6 4 e + ll 0 .13798e+03 0 .7 1 50 0 e+ ll
19 -114 .12
20 0 .139134e+03 0 . 91925e+10 0 .91921e+10 0.13913e+03 0 .31800e+ ll
20 -10 6 .7 4
21 0 .139562e+03 0 .4 60 6 4 e+ ll 0 .4 6 0 6 4 e+ ll 0 .13956e+03 0 .57100e+ ll
21 -103 .99
F in a l P r in tou t ( i t e r a t io n  number 10000)
1 n o . volume brv bdv xvol sbdv
1 0 .3240e+ ll 0 .9287e+08 0 .9287e+08 0 .0000e+00 0 .7430e+08
2 0 .2 7 00 e+ ll 0.1110e+09 0 . 1110e+09 O.OOOOe+OO 0 .6660e+08
3 0 .1790e+12 0 .3949e+09 0 . 3949e+09 0 .0000e+00 0 . 3949e+09
4 0 .1490e+12 0.2845e+09 0.2845e+09 0 .0000e+00 0 . 0000e+00
5 0 .1850e+12 0.3330e+09 0 .3330e+09 0 .0000e+00 0 .6993e+08
6 0 .1540e+12 0.4608e+09 0 .4608e+09 0 .0000e+00 0.1428e+09
7 0 .1510e+12 0 .1895e+09 0.1895e+09 0 .0000e+00 0 . 0000e+00
8 0 .1260e+12 0 .2637e+09 0 .2637e+09 0 .0000e+00 0 . 0000e+00
9 0 .1440e+12 0 .2220e+09 0 .2220e+09 0 .0000e+00 0.8436e+08
10 0 .1520e+12 0.1479e+09 0 .1479e+09 0 .0000e+00 0 . 3550e+08
11 0 .7450e+ ll 0 .2042e+09 0.2042e+09 0 .0000e+00 0 .7146e+08
12 0 .7 12 0 e+ ll 0.7410e+08 0 .7410e+08 0 .0000e+00 0.3705e+08
13 0 .1980e+12 0.3700e+09 0.3700e+09 0. 0000e+00 0.1258e+09
14 0 .1220e+12 0.7248e+09 0.7248e+09 0 .OOOOe+OO 0 .2899e+08
15 0 .2490e+ ll 0 .1850e+09 0.1850e+09 0 .0000e+00 0.3700e+08
I
0 -45849e+09 0.45849e+09 0.00000e+00 
0.66067e+08 0.66067e+08 0.00000e+00 
0 .33006e+09 0.33006e+09 0.33006e+09























16 0.1980e+12 0.1222e+10 0 .1222e+10 0 .0000e+00
17 0 .3110e+12 0 .1703e+10 0 .1703e+10 0 .0000e+00
18 0 .4 5 0 0 e+ ll 0 .4568e+09 0 .4568e+09 0 .0000e+00
19 0 .7 1 5 0 e + ll 0.4585e+09 0 .4585e+09 0 .0000e+00
20 0 .3 1 8 0 e + ll 0.6607e+08 0 .6607e+08 0 .0000e+00
21 0 .5 7 1 0 e+ ll 0 .3301e+09 0 .3301e+09 0 .0000e+00
I
0.8308e+09 17294.064 16
0 .1669e+10 22198.301 17
0 .3061e+09 6239.442 18
0.0000e+00 12064.313 19
0.0000e+00 46163.055 20
0 . 3301e+09 7497.608 21
Cn
0 5
i - Reno
>•0044
